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SUMMARY
This study i s  concerned w ith  contact p ro p e rtie s  o f lo n g itu d in a l and 
tra n sv e rse  (p lanar) Gunn dev ices. A d e sc rip tio n  i s  given o f th e  
f a b r ic a tio n  techniques developed fo r  th ese  dev ices.
The tra n sv e rse  s tru c tu re  allows n o n -p a ra lle l e lec tro d es  to  be used 
and a lso  th e  ad d itio n  o f ex tra  e lec tro d es . Frequency tun ing  wras 
in v e s tig a te d  fo r  both concentric  e lec trode  and th re e  te rm in a l dev ices. 
Tuning ranges o f sev e ra l GHz were observed by variation^anode b ias  
v o ltag e  from concentric  e lec tro d e  diodes operating  in  the  t r a n s i t - t im e  
mode* The th re e  te rm in al dev ices, which had a Schottky B a rr ie r  e lec trode  
between th e  cathode and anode, produced up to  2 (Hz e le c tro n ic  tuning  w ith 
v a r ia t io n  o f th e  b ia s  vo ltage  on the th i rd  e lec tro d e . Cavity c o n tro lled  
o p era tio n  considerably  reduced th ese  tuning ranges. Two domain paths were 
p o ssib le  fo r  th e  th re e  te rm in a l devices and th e  tuning  mechanisms fo r  
th ese  are  d iscussed . - -
/The frequency d r i f t  w ith ambient tem perature was s tu d ied  on .
-j-
lo n g itu d in a l dev ices. These had n .  GaAs con tacts  to  e lim in a te  th e  
overrid ing  negative slope caused by alloyed m etal co n tac ts . At f u l l  power 
ou tpu t, frequency d r i f t  r a te s  were between -1  and -2  KHz/ C in  a  A / 2  
coax ia l cav ity . However by decoupling the load  to  reduce th e  power by 
about 2 dB, average d r i f t  ra te s  were reduced to  le s s  than  ICO KHz/°C.
These re s u l ts  were a tt r ib u te d  to  th e  delayed domain and quenched domain 
modes re sp e c tiv e ly . F ourier an a ly s is  o f  th e  cu rren t waveform fo r  each 
mode gave q u a li ta t iv e  agreement w ith experiment.
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TRANSFERRED ELECTRON EFFECT.
1 .1 .  INTRODUCTION
The observation  by Gunn in  1966 o f cu rren t i n s t a b i l i t i e s  in  III-V  
semiconductors has led  to  a wide range of p ra c t ic a l  microwave dev ices.
These include o s c i l la to r s  and am p lifie rs  operating in  sev e ra l d if f e re n t  
in te rn a l  modes, self-m ix ing  o s c i l la to r s ,  lo g ic  devices and pu lse  
reg en e ra to rs . The fundamental p roperty  which gives r i s e  to  th e  Gunn 
e f fe c t  and asso c ia ted  phenomena i s  th e  sp ec ia l band s tru c tu re  found in  
a sm all number o f semiconductors. By f a r  th e  b e s t device performances 
a re  obtained w ith  GaAs (n -ty p e ) , and t h i s  i s  used fo r  a l l  p r a c t ic a l  devices 
O ther m a te ria ls  such as InP a re  c u rre n tly  being examined and may ev en tu a lly  
o f fe r  advantages fo r  some a p p lic a tio n s . The importance o f GaAs as a 
microwave m a te r ia l extends beyond the  Gunn e f fe c t  and a s so c ia te d  phenomena. 
The ph y sica l p ro p e rtie s  o f GaAs make i t  su ita b le  fo r  F .E .T .s , Schottky 
B a rr ie r  m ixers, d e te c to rs  and v arac to rs  and a lso  Avalanche d io d es. In  f a c t  
a l l  of th e se  devices have superio r performance in  most re sp e c ts  to  t h e i r  
co un terparts  in  S ilic o n  o r Germanium. The p o s s ib i l i ty  thus a r i s e s  of 
microwave in teg ra te d  c i r c u i ts  in  which a l l  th e  components, lo c a l  
o s c i l l a to r s ,  m ixers and am p lifie rs  e t c . ,  are formed on one chip  o f  GaAs.
This th e s is  i s  concerned with aspects  of con tact technology in  Gunn 
o s c i l la to r s  and the  phenomena a r is in g  frcm d if fe re n t  types o f c o n tac t. 
T ransverse Gunn dev ices, fab ric a te d  in  e p ita x ia l  GaAs grown on semi- 
in su la tin g  su b s tra te s  a re  considered in  d e ta i l .  These a re  com patible 
w ith  in teg ra te d  c ir c u i t  technology and a lso  have advantages f o r  c e r ta in  
ty p es  of dev ice , described  in  sec tio n  1 .6 .
1 .2 . CURRENT INSTABILITY
The band s tru c tu re  of GaAs i s  shown in  s im p lified  form in  F ig . 1 . 
E lec trons in  th e  (000) c e n tra l conduction band have a high m o b ility , about
0 .8  m /sec /V , corresponding to  a sm all e f fe c tiv e  mass r a t io  of 0.067. 
E lec trons in  th e  (100) bands, however, have a much low er m o b ility  and an 
e f fe c tiv e  mass r a t io  o f 0.35* In  a d d itio n , th e  d en s ity  o f s ta te s  i s  
h igher in  th e  s a t e l l i t e  v a lle y s . Other conduction bands e x is t  in  GaAs 
b u t i t .  i s  u n lik e ly  th a t  th ey  p lay  any s ig n if ic a n t ro le  in  Gunn e f fe c t  
and re la te d  d ev ices . Consider a vo ltage  app lied  to  a sample o f n -type 
GaAs having ohmic co n tac ts . With in c reasin g  e le c t r ic  f i e ld ,  e le c tro n s  
i n  th e  c e n tra l v a lle y  gain energy and when th i s  in c reases  by 0 .3 6 eV, th e  
e lec tro n s  can be sc a tte re d  in to  th e  s a t e l l i t e  v a lle y s . F ie ld s  o f only  a 
few kV/cm a re  requ ired  since th e  e le c tro n  tem perature r i s e s  above th e
I
tem perature of th e  c ry s ta l  l a t t i c e .  For very high f ie ld s  th e  average
d r i f t  v e lo c ity  approaches th e  values given by BB’ in  F ig . 2 , where most
o f th e  e lec tro n s  have been sc a tte re d  in to  th e  upper bands. At low f ie ld s
th e  average d r i f t  v e lo c ity  i s  of course given ty  OA. The t r a n s i t io n
region  from low to  high f ie ld s  occurs very  rap id ly  due to  th e  excess
tem perature o f th e  e lec tro n s  r is in g  very  ra p id ly  w ith ap p lied  f i e ld .  As
a r e s u l t ,  th e  v e lo c ity  f ie ld  curve has an appreciab le  d i f f e r e n t i a l  negative
m o b ility , in d ica ted  by th e  do tted  curve in  F ig . 2. In  p ra c t ic e ,  th e
e le c tro n  dynamics a re  f a r  more com plicated and th e  high f ie ld  v e lo c ity
s a tu ra te s , see F ig . 3* This shows a th e o re t ic a l  curve o f Ruch and Fawcett
2obtained by a Monte Carlo c a lc u la tio n  , and agrees very  w ell w ith 
experim ental curves^.
The v e lo c i ty / f ie ld  curve of F ig . 3 would not be obtained  by sim ply 
measuring th e  cu rren t and vo ltage across  a sample. I n te rn a l ly  th e  f i e ld  
and space charge p ro f i le s  are u n stab le  once th e  th re sh o ld  f i e ld  i s  exceeded*
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FIG.2 SIMPLIFIED VELOCITY/ FIELD CURVE
This i s  th e  f ie ld  where th e  m o b ility  from th e  v e lo c i ty / f ie ld  curve becomes 
n eg a tiv e , allowing space charge waves to  grow* The events th a t  fo llow  
depend on th e  sample le n g th , c a r r ie r  concentration  and un ifo rm ity , con tact 
e f fe c ts  and a lso  on ex te rn a l c i r c u i tr y .  For a wide range o f cond itions 
a d ip o le  space charge la y e r  i s  formed a t  the cathode and t r a v e ls  to  th e  
anode. This d ip o le  domain grows rap id ly  and absorbs most of th e  device 
v o lta g e . Consequently, th e  device cu rren t and the' f i e ld  in  r e s t  o f  th e  
sample must f a l l .  When th e  domain reaches th e  anode i t  co llap ses  and i f  
th e  applied  v o ltag e  has been held  constan t, th e  f ie ld  r i s e s  to  th re sh o ld , 
causing th e  cu rren t to  r i s e .  A new domain then  forms, g iv in g  r i s e  to  a 
c y c lic  v a r ia t io n  o f c u rre n t. A f u l l e r  d esc rip tio n  o f th e se  p rocesses i s  
given in  th e  next se c tio n . The cu rren t o s c i l la t io n  i s  g e n e ra lly  coherent 
and occurs in  th e  microwave reg ion  fo r  sample le n g th s  l e s s  th an  100 pm.
The device can o s c i l la te  in  various modes depending on th e  o p era ting  
co n d itio n s. In  F ig . 4 th e se  and o ther modes a re  r e la te d  to  th e  c a r r ie r  
concen tra tion  x  device len g th  and frequency x  device le n g th  (nQl  and n )  
p roducts^ . The U n i t s  shown are  in  p ra c tic e  le s s  w ell d e fin ed . The 
modes asso c ia ted  w ith  d ip o le  domains form th e  b a s is  of t h i s  th e s i s  and 
a re  described  w ith  o ther im portant modes in  th e  remainder o f  t h i s  C hapter.
1 .3 .  TRANSIT TIME MODE
This i s  th e  b asic  domain mode in  which a high f i e ld  d ip o le  domain 
rep ea ted ly  grows from th e  cathode and t ra v e ls  to  th e  anode where i t  
c o lla p se s . I t  was th e  mode o r ig in a l ly  observed by Gunn and i s  
ch arac te rized  by sharp spikes of cu rren t when domains co llap se  a t  th e  
anode and new domains a re  nucleated , as shown in  F ig . 5* The tim e taken  
to  tra v e rs e  th e  sample i s  th e  t r a n s i t  tim e, and th e  observed frequency o f 
o s c i l la t io n  i s  th e  .in v e rse  of th e  t r a n s i t  tim e. The c a r r ie r  co n cen tra tio n  
and f ie ld  p r o f i le s  as th e  domain grows, are  shown schem atica lly  in  F ig s . 6 (a)
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and 6 (b ). The domain s iz e  s ta b i l iz e s  to  a value which depends on th e  b ia s  
v o ltag e  and th e  sample le n g th . Since by current- c o n tin u ity  nQevr  = n0evd 
where v^ i s  th e  v e lo c ity  in  th e  sample ou tside  the  domain, and v^ i s  th e  
v e lo c ity  fo r  the  peak domain f ie ld ,  v w il l  tend towards the  high f ie ld  
s a tu ra tio n  v e lo c ity  v as th e  domain grows in  s iz e . F ig . 7 shows th e
S ' -
lo cu s  of th e  peak domain f ie ld  and th e  d r i f t  v e lo c ity . This i s  determined
by th e  equal areas ru le^  in  which th e  shaded areas a re  made equal. When
v — v , th e  sample cu rren t d en sity  i s  I  where I  — n ev = n e uK E . r  s ’ . . ■ v v o s o /  l r
The vo ltage  in  th e  domain i s  given by ’
V, = V, -  E I . . . . . ^  (1)d b r  s
where i s  th e  b ia s  vo ltage and t  i s  th e  sample len g th . Assuming th a t
2Vth e  f ro n t o f th e  domain i s  f u l ly  dep le ted , E^ =  d where w i s  th e  domain
w
w idth . When E^ has reached i t s  lim itin g  value, any in c rease  in  b ia s  v o ltag e
i s  absorbed by the  domain, which in creases  i t s  f ie ld  and w idth . Using th e  
(E-E^Jdx and equation ( l ) ,  can be obtained fo r  any 
b ia s  vo ltage  as shown in  F ig . 8.
f a c t  th a t  V, d
When th e  domain reaches th e  anode i t  encounters a very much lower 
o u tsid e  f ie ld .  F ig . 8 in d ic a te s  th a t  th e  domain must th e re fo re  lo se  
p o te n tia l  in  order to  in crease  th e  ou tside  f ie ld .  The co n d u c tiv ity  o f th e  
anode region  i s  so high th a t  th e  vo ltage  from the  domain appears across  
th e  a c tiv e  reg ion  and causes th e  device cu rren t to  r i s e  up to  th e  th re sh o ld  
le v e l .  The domain f in a l ly  co llap ses since i t  cannot be supported in  a 
reg ion  where th e  f ie ld  i s  le s s  than  the  domain su sta in in g  f ie ld  E .. S '
In  F ig . 5* th e  domain i s  assumed to  grow in  a sh o rt tim e compared
to  th e  t r a n s i t  tim e. I n i t i a l l y  th e  growth r a te  i s  exponen tia l w ith  a tim e
5 n e u “1constant given by o r  n sec • As th e  domain f ie ld  in c re a se s , u
£ ,
decreases, see F ig . 3> and th e  growth ra te  even tually  becomes zero , w ith
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a s ta b le  domain passing through th e  sample. The width o f th e  domain i s
governed try th e  c a r r ie r  concen tra tion  and th e  applied  v o ltag e . I f  nQ i s
low enough or th e  sample too  sh o rt, domains, would be longer than  th e
sample, and under th e se  conditions th e  device i s  s ta b le  ag a in s t domain
7
form ation and a permanent high f ie ld  reg ion  i s  formed a t  th e  anode •
This occurs when the  product o f c a r r ie r  concen tra tion  and le n g th , n jt  i s  
12 —2
le s s  th an  about 10 cm • . For app lied  v o ltag es  g re a te r  than  , th e re
i s  a reg ion  o f negative m o b ility  where th e  f ie ld  l i e s  between E, and E ,u v
and weak o s c i l la t io n s  may be observed w ith  a su ita b le  c i r c u i t .  The sample 
w i l l  a lso  am plify because of th i s  negative  m obility , reg ion .
l .A . DELAYED DOMAIN MODE .
Operating in  th e  t r a n s i t  time mode w ith  constant p o te n t ia l  does not 
g ive  a u se fu l e f f ic ie n c y . The cu rren t waveform has obviously a low 
fundamental frequency component. However, in  a resonan t c av ity  th e  
impressed microwave vo ltage  can co n tro l th e  n u c lea tio n  and e x tin c tio n  of 
domains, allow ing more fundamental power to  be generated w ith  g re a te r  
e ff ic ie n c y . In  a d d itio n  th i s  mode of operation  perm its ap p rec iab le  
tu n in g , u n lik e  th e  t r a n s i t  time mode.
To achieve delayed domain mode opera tion , th e  microwave v o ltag e  V must 
d riv e  th e  device below th re sh o ld  fo r  p a r t  of th e  cycle , see F ig . 9® The 
device cu rren t then  obeys th e  v(E) c h a ra c te r is t ic  below th re sh o ld , which 
i s  approxim ately ohmic. A fter th e  domain has co llapsed  a t  th e  anode, a 
new domain w i l l  not be formed u n t i l  th e  th re sh o ld  v o ltag e  i s  reached . I t  
i s  obvious th a t  domains a re  forced to  nuclea te  a t  an in s ta n t  governed by th e  
resonato r frequency, which may be tuned m echanically o r e l e c t r i c a l l y .
This mode can only  e x is t  i f  th e  reso n a to r frequency f  i s  l e s s  th an  th e  
t r a n s i t  frequency f^* The lower frequency l im i t  i s  f^ /2 ,  bu t t h i s  becomes
la r g e r  as th e  b ia s  vo ltage i s  in c reased . Maximum e ff ic ie n c y  occurs
w ith  f ^ O .8  f^ . A fu r th e r  r e s t r i c t io n  on th is  mode i s  th a t  th e  microwave
v o ltag e  must no t go so low th a t  E < E  , where E i s  the  minimum f ie ld  to  °  • r  s s
s u s ta in  domains, before domains have reached th e  anode. Otherwise th e  
mode becomes th e  Quenched Domain mode to  be described  in  th e  next se c tio n .
1 .5 .  QUENCHED DOMAIN MODE
When E < E  , domains cannot be supported and any domains p resen t a re
3 7  S
quenched. This can occur fo r  frequencies from about 0 .7  f^ . to  w e ll above 
f^ , although e ff ic ie n c y  decreases ra p id ly  fo r  frequencies beyond f^ .  At 
f i r s t  s ig h t th e re  i s  l i t t l e  d iffe re n c e  between th e  Delayed and Quenched 
Domain modes fo r  frequencies below f^ . However, th e re  i s  a  s ig n if ic a n t  
d iffe ren ce  in  frequency s t a b i l i t y  w ith  tem perature and th i s  i s  d iscussed  
in  Chapter 6 . '
Domains may a lso  be quenched w ith  excessively  high v o ltag es  so th a t  
avalanching tak es  p lace , but t h i s  e f fe c t  i s  not g en e ra lly  observed and w il l  
not be considered fu r th e r .  In  a d d itio n , high negative  values of dE /dt 
reduce domain v o ltages and i t  i s  p o ss ib le  fo r  sm all domains to  be quenched
by th e  ra p id ly  changing microwave v o ltag e . This w il l  be considered  in
$
r e la t io n  to  frequency s ta b i l i t y  w ith tem perature in  Chapter 6 .
1 .6 . OTHER MODES
The th re e  modes o u tlin ed  in  th e  previous th re e  sec tio n s  a re  th o se
re lev an t to  th e  follow ing chap te rs. Since th e  d iscovery  o f th e  Gunn e f f e c t ,
most o f th e  work on th e  tra n s fe rre d  e lec tro n  e f fe c t  has been d ire c te d
towards th ese  domain modes. The o r ig in a l  concept however, was th a t  a bu lk
negative re s is ta n c e  could be obtained w ith  th e  tra n s fe r re d  e le c tro n  
9 io  21
e f fe c t  9 • Copeland devised a method to  do t h i s ,  bu t p laced  fu r th e r
r e s t r ic t io n s  on th e  operating  co n d itio n s. By operating  a t  frequencies
s ig n if ic a n t ly  h igher than  th e  t r a n s i t  frequency, domains have l i t t l e  chance
of growing before  th e  device vo ltage  f a l l s  below th re sh o ld . Once below .
th re sh o ld , any small domains p resen t a re  quenched, more ra p id ly  than  th ey
grow. The r e s u l t  i s  th a t  th e  f ie ld  across th e  device i s  e s s e n t ia l ly
co n stan t, but varying in  tim e w ith  the  microwave v o ltag e . Very uniform
m a te r ia l i s  requ ired  to  impede domain growth. This type o f o p era tio n  i s
th e  LSA or " lim ite d  space charge accumulation" mode. I t  i s  ch a rac te rized
by an n ^ /f  r a t io  as shown in  F ig . 4 . Device operation  i s  independent of
th e  a c tiv e  region  len g th , although obviously th e  power d e liv e red  by the
device i s  p ro p o rtio n a l to  th e  len g th . Long samples w ith  uniform  doping
concen tra tion  a re  not e a s i ly  produced by conventional means and th e  tra n sv e rse
geometry d iscussed  in  Chapter 3 o ffe rs  p o ssib le  advantages in  t h i s  d ire c t io n .
12 •The non-sinuso idal LSA mode can to le r a te  la rg e r  n o n -in ifo rm itie s  and 
th e  tra n sv e rse  s tru c tu re  has le s s  importance in  th i s  re sp e c t.
Most o f th e  modes merge in  th e  cen tre  of th e  f l  v  n 1 c h a r t .  Ans o
a d d itio n a l mode not included in  F ig . 4 i s  th e  hybrid mode. This occurs fo r  
such high b ia s  vo ltages on o rd inary  Gunn e f fe c t  dev ices, th a t  f u l ly
formed domains would be w ider than th e  a c tiv e  len g th . I t  has been 
13p o s tu la ted  th a t  domains may e x is t  in  a predom inantly LSA type  o f o p era tio n ,
1 f
bu t a l te rn a t iv e  so lu tio n s  have been found in  computer s im u la tions •
15 16 17A m plification can be obtained from almost any Gunn 9 o r LSA 
o s c i l l a to r  in  s u ita b le  c i r c u i ts .  In  ad d itio n , am p lifie rs  perm anently
s ta b le  ag a in st o s c i l la t io n  can be constructed  in  two ways. F ig . 4 in d ic a te s
18 12 such am p lifica tio n  fo r  devices w ith nQl< 1 0  . The second method r e l i e s
upon th e  reduction  of space charge growth by using a very  th in  tra n sv e rse
19
dimension, i . e .  an nQd lim ite d  device, where d i s  th e  w idth o f th e  sample.
The tra n sv e rse  type of co n stru c tio n  i s  id e a l fo r  nQd lim ite d  a m p lif ie rs , and 
a lso  allow s s u ita b le  coupling techniques w ith m ic ro s tr ip  c i r c u i t r y .
The tra n sv e rse  geometry o ffe rs  improved heat sinking compared to  
th e  lo n g itu d in a l co n s tru c tio n , fo r  devices w ith long a c tiv e  le n g th s . This 
would be of b en e fit to  C.W. LSA and low frequency Gunn d iodes. A lso,
20devices could be re a d ily  operated  in  s e r ie s  fo r  th e  pulsed hybrid  mode . 
U nfortunately , th e re  are  tech n o lo g ica l d i f f i c u l t i e s ;  o u tlin ed  in  Chapter 3 , 
which remain to  be solved before th e se  advantages can be r e a l iz e d .
CHAPTER 2 
DEVICE CONSTRUCTION
2 .1 . INTRODUCTION.
Gunn diodes can be constructed  in  two b as ic  ways. The conventional
geometry has lo n g itu d in a l cu rren t flow and uses n 1" GaAs s u b s tra te s  as
shown in  F ig . 1 0 (a ). The a l te rn a t iv e  tra n sv e rse  devices a re  grown on
sem i-in su la tin g  ( S .I . )  GaAs su b s tra te s , shown in  F ig . 1 0 (b ). Both
c la s se s  of device examined in  t h i s  th e s is  were grown oh {lOO} o rie n te d
s u b s tra te s . Two methods are  commonly used to  contact th e  n -type  la y e r s .
E p ita x ia l  n GaAs can be grown on th e  a c tiv e  la y e rs  o r evaporated m eta ls
can be alloyed  to  th e  GaAs. The a lloyed  con tacts  a re  req u ired  in  ad d itio n
‘ f o r  con tacting  th e  n contact lay e rs , and su b s tra te s . For n -type  la y e r
r e s i s t i v i t i e s  of O.lJQ-cm or more, m e ta llized  con tac ts  have u n d es irab le
21p ro p e r tie s .  The 'a lloy ing  process c rea te s  d is lo c a tio n s  which p en e tra te
one o r two microns of th e  a c tiv e  la y e r , forming a r e s is t iv e  reg io n . This
22r e s i s t iv e  con tact reg ion  causes long pu lse  delays , and because of i t s
23tem perature dependence . g ives r i s e  to  la rg e  frequency d r i f t s  w ith
pi
tem perature . I t  has proved very d i f f i c u l t  to  ob ta in  low con tact
• J-
re s is ta n c e  w ith any re p ro d u c ib ili ty  using  alloyed  co n tac ts , and n GaAs 
con tac ts  a re  th e re fo re  favoured. F u rther advantages a re  b e t t e r  
re p ro d u c ib ili ty  of device c h a ra c te r is t ic s  and more s ta b le  o p e ra tio n  over 
. long p erio d s.
2 .2 . LONGITUDINAL DEVICE CONSTRUCTION
The lo n g itu d in a l con stru c tio n  in  F ig . 10(a) i s  used f o r  a l l  low 
powered Gunn d iodes. Because of th e  r e la t iv e ly  poor heat sink ing  o f  t h i s  
s tru c tu re ,  high power devices are in v e rted  w ith th e  a c tiv e  la y e r  c lo se  to
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devices i s  shown in  F ig . 11. The e p ita x ia l  n -n-n . sandwich la y e r s ,  used 
fo r  th e  devices described  in  Chapter 6, were grown in  one continuous 
p rocess , th u s  e lim inating  th e  r is k  o f contam ination between sep ara te  growth
pro cesses. The sandwich la y e rs  were m eta llized  on both  s id es  w ith  t i n /
o o
s i lv e r  a llo y  by evaporating 750A of t i n  followed by 9000A of s i lv e r  and
th en  a llo y in g  th e  con tact a t  600°C ' fo r  one m inute. C ircu la r  mesa areas
were etched out o f  the  n and m etal con tact la y e rs .  N co n tac ts  req u ired
a double p h o to lithograph ic  mask system to  p ro te c t th e  m etal co n tac t from
undercu tting  during e tch in g . In  t h i s  method, th e  f i r s t  mask was used to
“I- ’
d e fin e  th e  m etal con tact reg ion , which was sm aller in  a rea  th an  th e  n 
reg ion , etched out using th e  second mask. For many a p p lic a tio n s , 
un iform ity  between devices i s  e s s e n tia l ,  and th e  etched mesa process 
leav es  seme v a r ia t io n s .  An a l te rn a t iv e  technique employs a high 
tem perature s i l i c a  la y e r  to  define th e  con tact a re a . This la y e r  i s  grown
a f te r  th e  n -type la y e r .  C ircu la r con tact ho les a re  etched in  th e  s i l i c a
•  ■ 4*la y e r  p r io r  to  th e  d ep o sitio n  of th e  n con tact on th e  con tac t a re a s .
This p rocess allow s s t r i c t  co n tro l of device a rea , bu t does r a i s e  problems
4-w ith  contam ination before th e  n growth. Successful devices have no t y e t 
been constructed  in  t h i s  manner.
2 .3 . CONSTRUCTION OF TRANSVERSE DEVICES WITH PARALLEL ELECTRODES
The b as ic  methods of fa b r ic a tin g  tra n sv e rse  devices a re  shown in  
F ig . 1 2 (a ). I t  would be d es ira b le  to  grow an in term ed ia te  h igh r e s i s t i v i t y  
la y e r  before growing th e  n-type la y e r , bu t a su ita b le  p rocess has not been 
developed. W ithout t h i s  in term ed ia te  la y e r , th e  f i r s t  few m icrons o f th e  
a c tiv e  la y e r  are  contaminated by su b s tra te  im p u ritie s  and d e fe c ts .  This 
i s  e sp ec ia lly  se rio u s  fo r  th e  tra n sv e rse  devices described  in  t h i s  th e s i s ,
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which have a c tiv e  la y e rs  le s s  than  5 microns th ic k . S u b stra te  contam ination 
may w ell account fo r  the  noisy  performance of tra n sv e rse  Gunn o s c i l la to r s ,  
see Chapter 3*
M etal con tac ts  can be used fo r  both anode and cathode, and th e
f i r s t  tra n sv e rse  device opera tion  was obtained in  t h i s  way. One o f th e
disadvantages o f t h i s  system i s  th e  non-uniform f ie ld s  which appear to
25reduce th e  e ffic ie n c y  • The more serious drawback i s  th e  prem ature 
breakdown due to  su rface  m igration  o f  the  m etal anode • S ilic o n  oxide 
does not a ffo rd  p ro te c tio n  ag a in s t th i s  phenomenon, and-breakdown can 
occur w ith in  seconds of applying b ia s  vo ltages o f only tw ice th re sh o ld .
*The obvious so lu tio n  i s  to  grow n co n tac ts , e i th e r  onto th e  su rface ,
o r in to  th e  a c tiv e  la y e r  as  described  in  sec tio n  2.5* The f i r s t  a ttem pts
w ith  such e lec tro d es  produced devices which d id  not o s c i l l a t e ,  A p o ss ib le
explanation  was th a t  n cathodes do not support domain growth u n less  a
domain n u c lea tio n  notch i s  p re sen t. However, th e  more l ik e ly  cause was
excessive d iffu s io n  of th e  sulphur dopant used fo r  th e  n c o n ta c ts .
Sulphur has an appreciab le  d iffu s io n  constant and d iffu se s  2 o r 3 m icrons
in to  th e  ac tiv e  reg ion  w h ils t th e  la y e r  i s  in  th e  hot zone of th e
e p i ta x ia l  re a c to r .  This would g ive a long graduated n-n  ju n c tio n  which
■ “f"alm ost c e r ta in ly  would p ro h ib it  domain form ation. S uccessfu l n cathode 
con tac ts  have been produced by minimizing th e  tim e fo r  which th e  la y e rs  
were a t  high tem perature. The re su lt in g  n-n ju n c tio n s  were then  much 
sharper, le s s  than  0 .5  yjm ty p ic a l ly  and devices o s c i l la te d  s a t i s f a c to r i l y .  
U nfortunate ly , tra n sv e rse  devices of t h i s  type were no t a v a ila b le  f o r  th e
th e  work reported  in  t h i s  th e s i s .  ,
However, a long n -n  ju n c tio n  a t  th e  anode does not appear to  a f f e c t
device performance s ig n if ic a n tly , and most tran sv erse  devices were made
-j- ’
w ith  t h i s  type of n anode, in  conjunction with a  m etal cathode. F ig . 13
i l l u s t r a t e s  th e  device construction-and a lso  shows th a t  th e  anode
m e ta ll iz a tio n  i s  se t back from th e  edge o f th e  anode to  avoid prem ature
breakdown, otherw ise th e  m etal anode i s  in  a  high f i e ld  reg ion  and
m igrates towards th e  cathode. F ig . 14 i s  a p ic tu re  o f a p a r a l le l  e lec tro d e  
device and includes a th ird  te rm in al between th e  anode and cathode. The 
th i r d  te rm in a l was a Schottky B a rr ie r  e lec trode of evaporated aluminium 
o r  go ld . Aluminium was f in a l ly  chosen since i t  could be f i r e d  in  a t 
450°C w ithout d e te r io ra tio n  o f th e  Schottky B arr ie r, thus allow ing th e  
a llo y in g  of th e  su b s tra te  m e ta lliz a tio n  to  be ca rried  out su c c e ss fu lly  a t  
th e  same tem perature. This was necessary  since a t  low er tem peratu res th e  
s u b s tra te  m e ta lliz a tio n  would not adhere. Good adherence was req u ired  to  
o b ta in  a s a tis fa c to ry  therm al bond to  th e  heat sink by so ld erin g  o r 
u ltra so n ic  bonding. The a lte rn a tiv e  mounting procedure o f  s tic k in g  A u/le 
preform s d i r e c t ly  to  th e  GaAs su b stra te  d id  not give good adhesion .
The a c tiv e  la y e r  was etched away alongside th e  anode and cathode 
a t  one s id e  of th e  device to  reduce frin g in g  cu rren ts . This can be seen 
i n  F ig . 14. At th e  o th e r side o f th e  device the la rg e  bonding pad o f 
th e  th i r d  te rm in a l reduced fr in g in g  cu rren ts  to  some ex ten t because of 
i t s  d ep le tio n  reg ion .
2 .4 . CONCENTRIC ELECTRODE DEVICES
The non-uniform f ie ld  in  th e  r a d ia l  d ire c tio n  o f tra n sv e rse  d iodes 
w ith  concentric  e lec tro d es  g ives r i s e  to  some in te re s t in g  p ro p e r t ie s .
These diodes have very  wide t r a n s i t  frequency tuning ranges as  d escribed  
i n  Chapter 3> and a lso  have improved domain nuclea tion  and l e s s  l ik e lih o o d  
o f  breakdown due to  m etal m igration . The devices operate  w ith  th e  in n e r
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e lec tro d e  as th e  cathode* The anode thus has a reduced f ie ld  and allow s 
th e  use o f m etal c o n tac ts , w ithout th e  same r is k  of breakdown occurring 
w ith  p a r a l le l  e lec tro d e  dev ices. No q u a n tita tiv e  assessm ent was made of 
t h i s  Improvement. The above average f ie ld  a t  th e  cathode was found to  
generate  domains even w ith  d iffu sed  n con tacts  on th e  la y e r  su rface .
Only surface  n con tac ts  were deposited  fo r  concen tric  geom etries because 
p r e fe r e n t ia l  etch ing  and e p ita x ia l  growth would otherw ise d i s to r t  th e  
s tru c tu re .  The p a r t i a l  r in g  s tru c tu re s  described  in  Chapter 3 a lso  had 
th e  surrounding a c tiv e  la y e r  etched away to  reduce f r in g in g  c u rre n ts . ’
The co n stru c tio n  techniques in  genera l were as described  fo r  th e  p a r a l le l  
e lec tro d e  dev ices.
2 .5 . EPITAXIAL INSERTS
Experience has shown, and th e  l i t e r a tu r e  supports t h i s ,  th a t  Gunn
diodes w ith  u se fu l o s c i l l a to r  c h a ra c te r is t ic s  p re fe r  uniform  f ie ld s  in
th e  d ire c tio n s  perpendicu lar to  cu rren t flow . With su rface  e lec tro d e s
on tra n sv e rse  dev ices, non-uniform f ie ld s  and cu rren t crowding occur a t
th e  contact edges, as i l l u s t r a t e d  by F ig . 12 (b ). This e f fe c t  becomes le s s
OKs ig n if ic a n t  though fo r  la rg e  r a t io s  of C/d, Consequently, i t  i s  d e s ira b le
to  fa b r ic a te  tra n sv e rse  Gunn diodes w ith th e  double n in s e r t s ,  shown in
F ig . 1 2 (c ). To produce t h i s  s tru c tu re , rec tan g u la r ho les  were f i r s t  etched
+in  th e  n -type la y e r , and using  deposited  SiO^ as a mask, n GaAs was then  
grown in to  th e  h o le s . O rig in a lly  e lec tro d es  were aligned  p a r a l le l  to  th e  
{ llo }  p lanes which are  th e  n a tu ra l cleavage p lanes of th e  c r y s ta l ,  running 
perpend icu lar to  th e  la y e r  su rface . However, ho les etched w ith  t h i s  
o r ie n ta tio n  had sloping  s id e s , see F ig . 15* The ho les in  f a c t  grew along 
fo u r o f th e  { i l l )  o r { i l l )  p lan es . One p a ir  of opposing s id e s  sloped 
inwards and th e  o ther p a ir  sloped outwards. The f in a l  r e s u l t  was a dev ice
w ith  very non-uniform f ie ld s .
I f  th e  e lec tro d es  were aligned  a t 45° to  th e  { l l o }  p lan es , they  
th en  coincided w ith one of th e  { lo o j p lanes, which are  p erpend icu lar 
to  th e  (100) la y e r  su rface . Holes etched w ith t h i s  o r ie n ta tio n  were 
square, a l l  s id es  being formed of { 100} p lan es• Any p reference  towards 
a  [ m ]  d ire c tio n  cancels w ith a perpendicu lar f i l l ]  d ire c t io n . S tra ig h t 
s id e s  could only be obtained w ith a p re fe re n tia l  e tch  such as th e  a lk a l i  
peroxide e tch es , otherw ise w alls had th e  ty p ic a l  curved mesa shape. Also 
th e  depth to  which s tr a ig h t  s id es  could be m aintained by simply immersing 
th e  la y e r  in  th e  etchan t was a few m icrons. More advanced etch ing  
techniques may considerably  improve on th i s .
4-
The n GaAs in s e r ts  were grown by vapour ep itaxy . The depth had to  
be accu ra te ly  co n tro lled  to  o b ta in  a f a i r l y  f l a t  su rface  fo r  l a t e r
p h o to re s is t p rocesses. Prolonged vapour etching in  th e  e p i ta x ia l  re a c to r
1
could not be to le ra te d  because t h i s  e tch ing  process d es tro y s  th e  p a r a l l e l
-j-
s id es  of th e  h o le s . This technique fo r  growing in s e r t s  o f n GaAs in to  
n-type la y e rs  w ith  s id es  perpend icu lar to  th e  la y e r  su rfac e , has been 
paten ted  by th e  author fo r  The P lessey  Company Lim ited.
CHAPTER 3
WO TERMINAL TRANSVERSE OSCILLATORS
3 .1 .. INTRODUCTION
-j-
The standard  tra n sv e rse  devices -with in s e t  n anodes p a r a l le l  to
su rface  m etal cathodes produced markedly b e t te r  e f f ic ie n c ie s  w ith very
25 -th in  la y e rs  , le s s  than  2 pm th ick  fo r  X and J-band freq u en c ies . This
was in  s p ite  o f th e  reduced m o b ilit ie s  o f th in  la y e rs , and was probably
due to  improved f ie ld  u n ifo rm ity . R e s tr ic tin g  th e  la y e r  th ick n ess  in
th i s  way does not s ig n if ic a n tly  reduce th e  maximum power output of C.W.
d ev ices. This i s  because the device i s  therm ally  lim ite d  by the
r e la t iv e ly  th ic k  s u b s tra te , about 100 pm th ic k . The power d is s ip a te d
in  th e  a c tiv e  la y e r  per u n it  w idth can not be in creased  u n le ss  the
s u b s tra te  i s  much th in n e r , and a su ita b le  technology fo r  t h i s  has not
been developed. With such a  development high C.W. powers, n/XW could
be obtained by in c reas in g  th e  device w idth and using th ic k e r  la y e r s .
Increased  la y e r  th ick n ess  would req u ire  deeper n in s e r ts  fo r  both  the
anode and cathode, and t h i s  may prove a l im itin g  f a c to r .
3 .2 . POSSIBLE ADVANTAGES OF THE TRANSVERSE STRUCTURE
The maximum C.W. power expected from lo n g itu d in a l devices decreases
fo r  frequencies le s s  than  about 5 GHz. This i s  because o f th e  in creased
tem perature r is e  across th e  th ic k e r  la y e rs  used a t  these  low freq u en c ie s .
The tra n sv e rse  s tru c tu re  o ffe rs  improved heat sinking  by spreading the
a c tiv e  la y e r  over a la rg e r  a rea , provided th a t  very th in  s u b s tra te s  a re
used. However, l i t t l e  advantage i s  gained over lo n g itu d in a l dev ices
fo r  frequencies above 1 GHz, because o f l im ita tio n s  imposed on th e  
27device dim ensions-' . The la y e r  th ick n ess  i s  r e s t r ic te d  to  l im i t  th e
device tem perature and th e  width of th e  device i s  r e s t r i c te d  to  avoid 
excessive f ie ld  v a r ia tio n s  across th e  device due to  tra n sv e rse  waves. 
Below 1 GHz, Gunn s c i l l a to r s  cannot compete w ith t r a n s i s to r  o s c i l l a to r s ,  
so th a t  fo r  high power C.W. o p era tion , tra n sv e rse  devices do n o t o f fe r  
any improvement over o th er o s c i l la to r s .
Thermal l im ita tio n s  do not apply to  pulsed o s c i l la to r s  w ith  low
duty cy c les , and devices fo r  pulsed operation  may be made as la rg e  as
p ra c t ic a l  r e s t r ic t io n s  allow . To avoid p o ssib le  phase v a r ia t io n s  across
th e  dev ice, th e  width should be lim ite d  to  <  t y i o ,  or about 3 mm in
X-band. Even so domain n u c lea tio n  may not occur sim ultaneously  across
th e  dev ice, r e s u lt in g  in  non-coherent o s c i l la t io n .  The la y e r  th ick n ess
which can be achieved w ith n in s e r ts  i s  u n lik e ly  to  be more th an  100 pm
12-2and so a 10 pm long device w ith nQl  -  2 x 10 cm , would have a low
f ie ld  re s is ta n c e  of 0 .2 J I .  Assuming ty p ic a l  operating  cond itions fo r
X-band, a th resho ld  f ie ld  of 3*5 kV/cm, an operating  v o ltag e  o f 40 V and
10% e f f ic ie n c y , the peak power output would be 52 W. This re p re se n ts  a
sm all in c rease  on p resen t lo n g itu d in a l devices because o f th e  somewhat
la rg e r  a c tiv e  area , which would probably no t be achieved in  p ra c t ic e .
However, th e  tra n sv e rse  s tru c tu re  allow s devices to  be operated  in  s e r ie s
simply by using the  anode o f one device as th e  cathode of th e  next device
see F ig . 16. The t o t a l  power output in c reases  l in e a r ly  w ith  each device
in  s e r ie s  operation , and considering an a rray  o f th e  dev ices described
4"
above on a 3 mm chip , w ith n regions o f 190 pm w idth, the  power output 
from t h i s  proposed device would be 15 x  52 = 780 W. With a low f ie ld  
re s is ta n c e .R  o f 6SI, th e  device can be re a d ily  matched, re q u irin g  a ’ •
28 *rload between 20 Rq and 50 RQ. I f  the  depth of n in s e r ts  i s  r e s t r i c te d
. +
to  10 pm, sm aller n regions can be used, say 20 pm wide, and th e  t o t a l
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power output would be 100 x  5*2 = 520 W, s t i l l  a very  high o u tp u t. The
low f ie ld  re s is ta n c e  i s  now 200Si and may present some d i f f i c u l t i e s  in
m atching. The equ ivalen t arrangement in  lo n g itu d in a l devices would
-I-
re q u ire  im prac ticab ly  th ic k  e p ita x ia l  lay e rs  o f a lte rn a tin g , n and n 
reg io n s . The poor heat isinking would ru le  out t h i s  s tru c tu re  in  any case*
The second area  where the  tra n sv e rse  geometry may o f fe r  some 
advantages i s  in  m a te ria l un iform ity  in  the  d ire c tio n  of cu rren t flow .
This would be u se fu l fo r  th e  L.S.A. mode, but good m a te r ia l technology 
o f n o r n la y e rs  makes th e  e x tra  com plications o f  tra n sv e rse  devices 
unnecessary. .
3 .3 . PARALLEL ELECTRODE DEVICES • . .
■ Transverse diodes w ith p a r a l le l  e lec trodes are in  p r in c ip le  no
d if f e r e n t  to  lo n g itu d in a l devices and -w ill not be considered in  any d e t a i l .
Performances a re  comparable to  those obtained from th e  low power la y e r-
up s tru c tu re s ,  though not as good as th e  best lo n g itu d in a l d ev ices . In
p a r t ic u la r  th e  F.M. noise i s  very poor. The no ise power 10 kHz from
th e  c a r r ie r  i s  about 25 dB down on th e  c a r r ie r  as shown in  F ig . 17,
compared to  a t  l e a s t  50 dB fo r  a ty p ic a l  lo n g itu d in a l o s c i l l a to r .  The
most l ik e ly  cause of th i s  ex tra  no ise  i s  th e  su b s tra te  in te r f a c e  w ith
th e  n-type la y e r , and to  some ex ten t the  su rface  of th e  n -type la y e r .
D islo ca tio n s and im p u ritie s , and su rface  tra p s ,  in troduce cu rren t
29m odulation, which has been shown to  be re la te d  to  F.M. no ise  . A 
high r e s i s t i v i t y  in term ediate  la y e r  should cover up th e  sources o f n o ise  
in troduced by the su b s tra te ,b u t due to  the  absence o f high r e s i s t i v i t y  
e p i ta x ia l  GaAs, no devices , have been fab rica ted  in  t h i s  way to  prove th e  
p o in t•
3 . A. -CONCENTRIC ELECTRODE DEVICES
The f ie ld  in  a device w ith concentric  e le c tr id e s ,  b iased  below 
th re sh o ld  i s  given by ‘
£ = j?L (  ~°&e /  loge -JL  ^ “ Hi ~ •*••••(2)
•V c>t \  D r 1 /  r  i ' /  r  1
where V  ^ i s  th e  app lied  v o ltag e , r-  ^ and r   ^ a re  the  r a d i i  o f th e  e le c tro d e s .
The f ie ld  i s  seen to  f a l l  in v e rse ly  w ith ra d iu s . Consider th e  device
biased  above th resh o ld  w ith  a  f u l ly  formed domain as in d ica ted  in  F ig . IS .
Since th e re  i s  no space charge ou tside th e  domain, th e  f ie ld  o u tsid e
obeys equation (2) and th e  device can be ch a rac te rised  w ith  th e  s ta b le
domain theory  of Butcher, Fawcett and H ils im 1', w ith  some m o d ifica tio n s  
30by Newton . The most obvious fe a tu re  o f th i s  diode i s  th a t  when th e  
f ie ld  f a l l s  below th e  domain su sta in in g  f ie ld  Eg, th e  domain w i l l  be 
quenched. The ra d iu s -a t  which th e  f ie ld  f a l l s  to  Eg i s  c o n tro lle d  by 
th e  b ia s  v o ltag e  and so th e  e f fe c tiv e  t r a n s i t  tim e depends s tro n g ly  on 
th e  b ia s  v o ltag e . This r e la t io n  e x is ts  u n t i l  th e  f ie ld  a t  th e  anode 
reaches Eg, when the  t r a n s i t  frequency tun ing  s a tu ra te s .  Very la rg e  
changes in  t r a n s i t  frequency were observed up to  t h i s  p o in t as shown in  
F ig . 1 9 (a ). Here, th e  maximum continuous change in  frequency was from 
18 to  7 GHz, a fa c to r  of about 2.5* w ith  most o f th e  tun ing  occurring  
fo r  b ias  vo ltages below 2 The frequency did not f u l ly  s a tu ra te  a t
high b ias  v o ltag es , probably due to  th e  device tem perature r is in g  w ith  
th e  applied  v o ltag e . This causes th e  domain v e lo c ity  to  decrease as 
explained in  Chapter 6.
Now consider th e  f ie ld s  a t  the  cathode and anode, Eg and E^ 
re sp e c tiv e ly .
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Equation (3) shows th a t  la rg e  f ie ld  changes across th e  device a re  
obtained w ith  la rg e  r a t io s  o f Tf th e  device i s  to  o perate  a t
microwave freq u en c ies , i . e .  r2~r± no^ Sre 3-^er than  a few te n s  o f 
m icrons, r^ must be comparable to  th e  rad ius of th e  bonding w ires , about 
12 yun. To avoid th e  w ire overlapping onto th e  ac tiv e  reg io n , th e  
^ s tru c tu re  of F ig . 19 was used . This device i s  h a lf  o f a complete concentric  
e lec tro d e  diode, which allows th e  in n er e lec trode  to  be connected ..to a 
la rg e r  bonding pad. The n-type la y e r  was etched down to  th e  s u b s tra te , 
except fo r  th e  reg ion  between th e  co n tac ts , to  reduce s tr a y  c u rren ts  
around th e  edges of the  e le c tro d es . With th is  type o f s tru c tu re ,  dev ices 
.were in v es tig a ted  w ith r ^ /r ^  = 2 . The r e s u l ts  obtained a re  shown in  
F ig . 1 9 (a ). -
Devices operated in  th i s  manner would not be u se fu l as tunab le  
o s c i l la to r s  fo r  two reasons. F i r s t ly  in  o rder to  ge t e f f i c ie n t  o p era tio n  
and clean  sp e c tra , a resonant cav ity  must be used; but t h i s  w i l l  g re a t ly  
decrease th e  tun ing  range. In  Chapter 5 a  reduction  fa c to r  of about 10 
i s  c a lc u la te d . Secondly Gunn diodes are  norm ally o p e ra ted -a t b ia s  
v o ltag es  of tw ice th re sh o ld  or more, again fo r  e f f ic ie n t  o p era tio n , and 
a t  th e se  vo ltages th e  tun ing  r a te  has f a l le n  considerab ly . An example 
of th ese  e f fe c ts  i s  shown in  F ig . 20. The th re e  cav ity  o s c i l l a to r s  were 
approxim ately )^/2 long . The d iffe ren ce  between th e  o s c i l l a to r  freq u en c ies  
and th e  t r a n s i t  frequency in d ic a te s  o p era tion  in  th e  delayed domain mode. 
■The power outputs peaked a t  vo ltages somewhat le s s  than  th e  v o ltag es  
which corresponded to  th e  device operating  a t  th e  t r a n s i t  frequency. When 
th e  cav ity  was tuned to  optim ize th e  power a t  each b ia s  v o ltag e , th e  
curves of F ig . 21 were ob tained . The b est r e s u l t  fo r  C.W. o p e ra tio n  wras 
30 mW a t  4 .4  GHz w ith a conversion e f f ic ie n c y  o f 2 .3$ . This performance
4  -
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would be u se fu l fo r  many Gunn device app lications*
Under pulsed conditions 140 mW a t  5 CHz was obtained w ith  a
conversion e f f ic ie n c y  of 5.6^* The e ffic ie n c y  i s  considerably  h igher
than  normal fo r  tra n sv e rse  devices and i s  probably due to  th e  f a c t  th a t
n su rface  con tacts were used, so th a t  con tact re s is ta n c e  was n e g lig ib le ,
-j-
The concentric  e lec tro d e  device w ith surface  n con tacts  appears to  be 
b e t te r  in  performance and r e l i a b i l i t y  than  the  p a r a l le l  e lec tro d e  devices 
and i s  recommended as p re fe ra b le  fo r  device a p p lic a tio n s . The improved 
powers and e f f ic ie n c ie s  may be expected on. account of th e  a rea  p ro file*  
which i s  s im ila r  to  th e  sp e c ia l a rea  p ro f i le  proposed by Ladbrooke and
31
C arro ll to  g ive improved e ff ic ie n c y ,
3 .5 . CONTACT REGIONS AND THE i/V  CHARACTERISTIC
Contact re s is ta n c e  generally ' in creases  th e  th resh o ld  v o ltag e  due 
to  the  v o ltag e  drop across i t .  However th e  th resh o ld  v o ltag e  of dev ices 
more than  about 10 long can be le s s  than  th e  th e o re t ic a l  va lu e  fo r  
th e  a c tiv e  la y e r .  This i s  because a r e s i s t iv e  contact has a h igh f ie ld  
reg ion  which can nuc lea te  domains when th e  f ie ld  in  th e  r e s t  o f  th e  la y e r  
i s  below th re sh o ld . The th resh o ld  cu rren t i s  reduced accordingly , and fo r  
very bad con tac ts  on lo n g itu d in a l dev ices, reduction  f a c to rs  o f  up to  10 
have been observed. Such devices o s c i l la te  very in e f f ic ie n t ly ,  i f  a t  a l l .
Normally the b ia s  cu rren t would be expected to  f a l l  as th e  app lied  
v o ltag e  exceeds th re sh o ld . The b ia s  cu rren t i s  th e  average o f  th e  
cu rren t wavefom and l ie s  between Ip- and Iy . I t  depends on th e  o p era tin g  
conditions and th e  device mode, see F ig s . 5 and 9* However, i f  th e  
f ie ld  in  th e  la y e r  i s  le s s  than  when domains are n u c lea ted , because 
of th e  con tact reg ion , th e  f a l l  in  b ia s  cu rren t w il l  be reduced. Most
devices -with m etal con tacts show veiy  l i t t l e  cu rren t d ro p /  but n contact 
devices g en era lly  ex h ib it over 15%.
The su rface  cathodes used on tra n sv e rse  devices can e i th e r  in c rease  
o r  decrease th e  e f fe c tiv e  contact re s is ta n c e , depending on th e  device 
param eters. The su rface  e lec tro d e  always in troduces a r e s is ta n c e  due 
to  cu rren t crowding a t  th e  edge o f th e  con tac t. The t o t a l  con tac t 
re s is ta n c e  i s  p lo tte d  in  F ig . 22 where t h i s  i s  defined  as th e  re s is ta n c e  
frcm C to  D Ejin/excess o f th e  re s is ta n c e  due to  the re c ta n g u la r  se c tio n
'  * |  ,-j -
ABDE of F ig . 22. The curves were obtained using a re la x a tio n  method •
For a con tact w ith low s p e c if ic  con tact re s is ta n c e , a tra n sv e rse  device 
has g re a te r  contact re s is ta n c e  than  an equivalent lo n g itu d in a l dev ice , 
due to  th e  cu rren t crowding. However, th e  spreading path  under th e  su rface  
con tact reduces th e  t o t a l  re s is ta n c e  when th e  contact has a  h igh s p e c if ic  
con tact re s is ta n c e .
-f- '
Although n con tac ts  avoid d is lo c a tio n s  caused by th e  a llo y in g
4-
p rocess, th e  in te r fa c e  between th e  n and n-type reg ions w i l l  n ev e rth e le ss
contain  d is lo c a tio n s  due to  th e  l a t t i c e  mismatch. A m o b ility  notch w i l l
th e re fo re  e x is t ,  in  c o n tra s t to  the  c a r r ie r  concen tra tion  notch asso c ia ted
21w ith  m eta llized  con tacts • In  f a c t  m e ta llized  con tac ts  have both kinds
o f no tch . Some kind of notch i s  req u ired  to  nuclea te  d ipo le  domains,
is ince  an otherw ise fe a tu re le s s  and graded n-n ju n c tio n  does not n u c lea te  
domains, see Appendix I .
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CHAPTER L
CHARACTERISTICS OF THREE TERMINAL DEVICES
4 .1 . INTRODUCTION
E xtra  e lec tro d es  cannot be in se r te d  in  lo n g itu d in a l Gunn devices*
but a re  e a s i ly  incorporated  on th e  su rface  of tra n sv e rse  s tr u c tu re s .
Because of th e  th in n ess  o f th e  la y e rs  used in  tra n sv e rse  d ev ices , su rface
e lec tro d es  should have considerable in flu en ce  on th e  conduction p ro cesses.
Various functions can be considered as fe a s ib le  fo r  a d d itio n a l e le c tro d e s ,
frequency tun ing  o r sw itch ing , m ixing, domain tr ig g e r in g  and domain
d e te c tio n . The l a t t e r  two functions involving domains, can be used fo r
32 33lo g ic  a p p lica tio n s  p • There a re  two basic  types of e le c tro d e , low 
v o ltag e , e .g . e x tra  ohmic cathodes, and low c u rren t, e .g . in su la te d  or 
b a r r ie r  e le c tro d e s . Ohmic e lec tro d es  in  general e i th e r  genera te  or 
cap ture domains and would not be u se fu l fo r  tu n in g . An in su la te d  te rm in a l 
however, placed between th e  cathode and anode, can be used to  v a ry  th e  
f ie ld  in  th e  a c tiv e  region and so produce e le c tro n ic  tu n in g . There a re  
th re e  ways o f producing in su la tin g  e lec tro d es , w ith p-n  ju n c tio n s ,
Schottky b a r r ie r s  or m etal-oxide f ilm s . The f i r s t  two o f th e se  a re  
s im ila r  in  e f fe c t  s ince  they both is o la te  th e  e lec tro d e  from th e  semi­
conductor w ith  a d ep le tio n  reg ion . M etal-oxide film s probably have a 
l im ite d  use because of su rface  s ta te s .  Schottky b a r r ie r  e le c tro d e s  were 
chosen as being sim plest to  co n stru c t and most l ik e ly  t o  g ive u s e fu l 
tu n in g .
4 .2 .  BASIC PROPERTIES OF SCHOTTKY BARRIER CONTACTS
The d ep le tio n  region underneath a Schottky b a r r ie r  e lec tro d e  
extends fu r th e r  in to  the  la y e r  w ith  in creasin g  negative  b ia s , to  a depth
g i v e n  b y ^
o r /tr • T7 A 2
•  o  »  c  «  •  ( 4 )2 £  (V + V ) v e g  o
eno
■where V i s  th e  applied  vo ltage  between the  m etal e lec tro d e  and th e  eg
k Tsemiconductor and VQ -  where i s  th e  b u i l t  in  p o te n t ia l .  VQ
was about -0 .6  V fo r  th e  devices in v e s tig a te d . Nov/1 consider th i s
e lec tro d e  between th e  anode and cathode of a Gunn device, w ith  th is
th i r d  te rm in a l b iased  n egative ly  w ith resp ec t to  th e  cathode. The
p o te n tia l  underneath w il l  in c rease  towards the  anode so 'th a t th e
d ep le tio n  reg ion  v a rie s  in  depth as shown in  th e  c ro ss -se c tio n  of F ig . 23*
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This s tru c tu re  i s  very s im ila r  to  an F.E .T . (F ie ld  E ffec t T ra n s is to r)  , 
in  which th e  th i rd  te rm inal i s  c a lled  th e  g a te . Consequently, i t  i s  a lso  
c a lled  th e  g a te  in  Gunn dev ices. Some e a rly  r e s u l ts  from th re e  te rm in a l 
Gunn devices were in  f a c t  obtained w ith  F .E .T .s . G enerally however, th e  
r a t io  of ga te  len g th  g to  lay e r  width d i s  d if fe re n t  fo r .th e .tw o  types 
of device, so th a t  they  cannot exchange ro le s .  I f  g »  d , dev ices g e n e ra lly  
s a tu ra te  due to  the d ep le tio n  reg ion  reaching th e  s u b s tra te , befo re  
Gunn e f fe c t  s a tu ra tio n  occurs. I f  g 4  d, Gunn e f fe c t  o s c i l la t io n  ta k e s  
p lace before f ie ld  e f fe c t  s a tu ra tio n . The value of g /d  necessary  to  
ensure one type of device behaviour depends on th e  p o s itio n  of th e  g a te , 
th e  anode b ia s  vo ltage and the  c a r r ie r  concen tra tion , s ince  a l l  o f  th e se  
a f fe c t  th e  d ep le tio n  depth under the  g a te .
The r e s t r ic te d  conduction channel under th e  gate  in c rea se s  th e  
device re s is ta n c e , so th a t  the anode cu rren t decreases w ith g a te  v o lta g e . 
Device behaviour i s  s im ila r  to  th a t  o f F .E .T s up to  th e  p in c h -o ff  
v o ltag e . Typical l/V  c h a ra c te r is t ic s  are  shown in  F ig . 24. The device 
i s  non-ohmic in  t h i s  example a t low anode vo ltage  due to  a non-ohmic
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co n tac t a t  the  cathode.
S ch o ttk y ^  derived  an expression fo r p in ch -o ff, i . e .  when th e  
d ep le tio n  region extends to  th e  su b s tra te , such th a t  the  g a te  to  anode 
v o ltag e  i s
V en d' o
2 £
For th e  devices in v e s tig a te d  th e  la y e r  th icknesses and ga te  w idths were 
about- 4 and )> 100 V. This f a r  exceeds the  maximum b ia s  v o ltag e  
used. The gradual channel approximation can th e re fo re , be assumed, 
i . e .  th e  d ep le tio n  depth v a r ie s  slowly along th e  gate  le n g th . The 
cu rren t per u n i t  w idth i s
dV " (5)
dxx
x
where y — d - t  and Y i s  th e  vo ltage in  the  la y e r  re fe rre d  to  th e  cathode.
By cu rren t co n tin u ity , the  f ie ld  under th e  gate  i s
 (6)
where E^ i s  the f ie ld  in  th e  r e s t  of th e  la y e r . Because y changes 
slow ly-w ith x , equation (4) can be used to  give „
Idx -n  eoar ( d -
OC-
~  (V + v -■ V ) en g o x o
dV . . . . . . ( 7)X
where V i s  th e  b ias  applied  to  the g a te . The vo ltage a t  th e  cathode end.
O
of th e  gate i s
V1 = V c g
inhere t  i s  the  cathode to  gate  d is tan ce  and th e  v o ltag e  dropped by th e  eg
sm all d ep le tio n  reg ion  to  the  l e f t  of th e  gate in  F ig . 22 has been ignored 
In te g ra tin g  equation (7 )
where E.  ^ i s  th e  f ie ld  under the  cathode s ide  o f th e  g a te . Equation (9)
r e la te s  th e  f ie ld  and p o s itio n  under th e  g a te . The maximum f i e ld  occurs
when x  = g s in ce  th e  vo ltage in c reases  slowly w ith x  so th a t  equation (/+)
can only  be s a t i s f ie d  fo r  x>  g , i f  y decreases. I t  i s  apparent th a t
domains can be nucleated  a t  x  = g when the f ie ld  in  th e  r e s t  of th e  la y e r
i s  below th re sh o ld . Consider a device w ith 'th e  follow ing param eters:-.
nQ = 5 x  lO ^in ^y d = 4 pm, € Cg  = 6 pm.g = 4 pm, ^'ga ~  ^  F 0 anc* i^~
V = OV. The f ie ld  a t  x  = g i s  0.97E, and a sm all in c rea se  o f  anode
S •
v o ltag e  would b rin g  the f ie ld  above th re sh o ld . Equally a sm all negative  g 
p o te n tia l  of about -0 .5  V would bring  th e  f ie ld  above th re sh o ld . The 
th re sh o ld  v o ltag es of th e  gate  and anode are in ter-dependen t.'
The device considered above w il l  always nuclea te  domains under th e
g a te  fo r  any g a te  v o ltag e . This i s  because the  f ie ld  a t  the  cathode was
considered to  be E^, whereas in  p ra c tic e  contact e f fe c ts  w i l l  cause a 
lo c a liz e d  reg ion  o f  increased  f ie ld .  Domains may th e re fo re  n u c lea te  a t  
th e  cathode or under th e  g a te , depending on th e  device c h a r a c te r is t ic s .  
Examples are  considered in  Chapter 5.
4 .3 . INTERACTION OF GATE ELECTRODE ON HIGH FIELD DOMAINS
The gate  reg ion  has the  follow ing p ro p e rtie s  which a f f e c t  domain 
propagation.
(a) The close proxim ity of. a m etal e lec tro d e .
(b) Increased f ie ld  and reduced c ro ss -se c tio n a l a rea  r e la t iv e  
to  th e  r e s t  of th e  la y e r .
(c) The d ie le c t r ic  constant ou tside  th e  edge o f th e  domain 
changes from _£ = X t o ' ”£ ~ 1 3 . . '
In  ad d itio n  th e  domain space charge and th e  ga te  d ep le tio n  reg ion  may . 
merge, bu t fo r  th e  sahe o f an a ly s is  they  w il l  be considered as iso la ted *  
The f a c t  th a t  domains a re  observed to  pass under th e  g a te  in d ic a te s  th a t
th i s  i s  so to  a f i r s t  approxim ation.
The dominant p roperty  a f fe c tin g  domain propagation appears to  be
(a ) ,  the  c lose  proxim ity o f th e  m etal e lec tro d e . I t  d ischarges domains
by c a p a c ita tiv e  coupling, causing a temporary r i s e  in  cu rren t as shorn
in  F ig , 25. An estim ation  o f th e  magnitude can be obtained by considering
th e  approximate capacitances involved . Both th e  domain and g a te '
capacitances of a ty p ic a l  device are  about 0 ,1  pF, Assuming th a t  h a lf
th e  g a te  capacitance i s  coupled to  each s ide  o f th e  domain, th e  t o t a l
e f fe c tiv e  capacitance across th e  domain i s  0.025 pF* The domain v o ltag e
w il l  th e re fo re  decrease by 20/c, Consider a device-w ith  a 12 V th re sh o ld
and th a t  the  f ie ld  ou tside  a f u l ly  formed domain i s  E,./2. With a b ia s
vo ltage of 16 v o lts  the  domain v o ltag e  i s  10 v o l ts ,  which becomes"
8 v o lts  under th e  g a te . The cu rren t r i s e  i s  th e re fo re  1(1 -  I  ) .  Thej  P v
c u r re n t . r is e  i s  not lim ited  by th e  time constan t which i s  approxim ately 
th e  product of th e  low f ie ld  re s is ta n c e  and th e  domain cap ac itan ce . For 
th e  devices in v e s tig a te d  i t  i s  about 5 ps, compared to  th e  tim e f o r  a 
domain to  t r a v e l  under th e  gate  of about 50 p s . -
In  opposition  to  the sh o rtin g  e f fe c t  o f th e  ga te  i s  (b ) , th e  
increased  f ie ld .  When th e  domain t ra v e ls  through a reg ion  where th e  
ou tside  f ie ld  i s  h igher than  th e  s ta b le  value E_, see F ig . 8. i t  grows
5v
to  absorb th e  vo ltage in  th e  r e s t  of th e  la y e r  u n t i l  th e  f ie ld  o u ts id e  
f a l l s  to  E„y Excluding the  tra n s ie n t  when th e  c ro s s -s e c tio n a l a rea
changes ab ru p tly , th e  anode cu rren t i s  th e re fo re  p ro p o rtio n a l to  th e
37c ro ss -s e c tio n a l a rea  * The domain must however have tim e to  grow, and 
from th e  r e s u l ts  o f F ig . 25 i t  appears to  be longer than  th e  c a p a c ita tiv e  
d ischarge time due to  ( a ) .  As a r e s u l t  the  f i e ld  under th e  g a te  in c re a se s  
somewhat in s tead  of f a l l in g  to  E . The domain v e lo c ity  i s  th e re fo re  
in c reased . In  f a c t  th e  domain t r a v e ls  f a s te r  than  th e  o u tside  e le c tro n s
and has an excess v e lo c i ty ^ .  This co n trib u tes  to  th e  frequency tun ing
described  in  Chapter 5* .
The e f fe c t  o f (c) i s  to  add ad d itio n a l capacitance across th e
domain and can be included in  th e  e f fe c t  o f ( a ) .  However, bo th  (a)
. 39and (c ;  have an a d d itio n a l e f fe c t  concerning domain growth • Boundary
reg ions vdth  high d ie le c t r ic  constan ts and m etal p la te s  in  c lo se
proxim ity reduce th e  space charge growth f a c to r .  The ex ten t to  which t h i s
happens depends on th e  la y e r  th ick n ess . R eferring  to  equation  (13) of 
39
Kino, and Robson , the propagation constant fo r  space charge growth 
i s  given by
Ba = S a - Aza ... . . .(10)
r  1 °  1 -I j3 a
where a = 2 r e =<v~’ P cz ~ "^o^P r / ^ o  as th e  c a r r -Ler v e lo c i ty .
o
Equation (10) re fe r s  to  a la y e r  w ithout a gate  e le c tro d e . Using the 
follow ing v a lu e s :-  nQ = .3 x  1 0 d = 4 pm, Vq = 10?ns ^ = 10 jam
andyi>n ~ ^  ***> th e  magnitude o f j i cz& i s  16 so th a t
Equation (10) may th e re fo re  be w ritte n
"‘ fc -  -  ? & £  V f a  -  i f a  . . . . . . ( l l )
1 + f
P a
The growth fa c to r  fo r  an i n f in i t e ly  wide sample i s  3m H - A » f  
and fo r  th e  dimensions above i s  not reduced s ig n if ic a n t ly  by th e  th in n ess
o f the la y e r . With a m e ta llic  s t r i p  in  close proxim ity, equation  (11) 
becomes
= B a -  j f i c z a . . . . . .  (12)
v 6 u 1___coth/St
2yBa ‘ 2 ^ a
When y5 t > i ,  coth^Bt —*1 and equation (12) reduces to  equation ( l l ) .
Unless t  i s  much le s s  than  1 pn , th e  above cond ition  ho lds, so th a t  
domains may grow under the  g a te , o r even be nucleated  under th e  g a te .
I f  th e  ga te  was wide enough, th e  domain would become com pletely 
d i s c h a r g e d  and a  new domain would form a,t th e  cathode. The ga te  
th e re fo re , would a c t as a v i r tu a l  anode. O sc illa tio n s  o f t h i s  type were 
not observed fo r  ga te  widths up to  5 pm9 but were found when th e  g a te  
w idth was 12 pm. ,
4 .4 . MODE CURRENT WAVEFORMS ’
The anode cu rren t waveform of a ty p ic a l  th re e  te rm in a l device
operating  under sho rt pu lse  conditions i s  shown in  F ig . 25 fo r  d i f f e r e n t
gate  v o lta g e s . As the  gate  vo ltage becomes more negative the cu rren t
am plitude decreases and th e  tim e fo r  th e  cu rren t to  f a l l  a lso  d ec rease s .
There i s  in  ad d itio n  a sm all cu rren t spike which co incides w ith  th e  domain
passing  under th e  g a te . For sm all ga te  v o ltag es  t h i s  spike i s  p a r t i a l l y
hidden by th e  cu rren t s t i l l  f a l l in g  from i t s  peak va lue . The cu rren t
spike begins to  r i s e  about 50 ps a f te r  th e  cu rren t peak and then  f a l l s
a f te r  about 40 p s, in  reasonable agreement w ith th e  tim es expected from
th e  device dimensions and th e  domain v e lo c ity . The cu rren t waveform
in d ic a te s  a t r a n s i t  time of 0.41  n s, and since  th e  device len g th  i s  ' /
5 - 133 /Jm, th e  domain v e lo c ity  i s  1.25 x  10 ms • The cathode to  g a te  
spacing was 7*2 pm and th e  ga te  width 5 pm, g iv ing  time in te rv a ls  of 
58 ps and 40 ps re sp e c tiv e ly . Since growing domains t r a v e l  f a s t e r  th an
Cate volts4 ANODE CURRENT
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38s ta b le  domains , th e  cathode to  gate  time should be somewhat le s s  thanI
58 p s . The amplitude of th e  cu rren t spike decreases as th e  negative  
g a te  vo ltage  in c rea se s . This i s  expected because th e  c a p a c ita tiv e  coupling 
between th e  domain and th e  ga te  e lec trode  decreases so th a t  th e  domain 
lo se s  le s s  p o te n tia l .
.The reduction  of th e  cu rren t amplitude and th e  cu rren t f a l l  tim e w ith  
in c reas in g  negative gate v o ltag e  i s  a re s u lt  of the  g a te  capacitance charging 
through the device. When domains are nucleated a t  the  cathode, th e  
p o te n tia l  under th e  gate charges by the  domain p o te n tia l , as shown in  
F ig . 26 . Ignoring the d ep le tio n  regions a t  the  edges o f th e  g a te , th e  
ga te  capacitance i s  given approximately by
where i s  th e  vo ltage under the  anode end of th e  g a te . The equ ivalen t 
c i r c u i t  fo r  th e  device i s  shown in  F ig . 27, from which th e  tim e constant 
i s  seen to  be
where R and R^a are the  low f ie ld  re s is ta n c e s  from th e  g a te  to  th e  
cathode and from th e  ga te  to  th e  anode re sp e c tiv e ly . The domain reac tance
• V  .1
C R R ( n .)
eg ga
can be ignored here because i t s  reactance i s  sm all compared w ith  th e
re s is ta n c e s  R _ and R_V I t  w i l l  e f fe c tiv e ly  in crease  th e  tim e constan t t creg go* o
The anode cu rren t i s  ca lcu la ted  on the  assumption th a t  th e  domain
p o te n tia l  grows l in e a r ly  in  a time s .  This growth tim e w i l l  not be 
appreciab ly  a ffe c ted  by t  ' s ince  i t  tu rn s  out th a t  t  ^Cs. From th e  c i r c u i t
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FIG. 27 EQUIVALENT CIRCUIT FOR GATE CURRENT
v -  V. = iV. (R + R ) -  i  Ra d a. eg ca g eg
and dZss - . Za- f i aE egd t  s d t
i  _  (V -  V.) , ,V.a = \ a d/ - r  a^ ia  + *
d t t  R R C • g eg ga ga
Assuming fo r  th e  moment th a t  C i s  constant a t  C . and t  i s  t  , th e  • g go3 g go9
values corresponding to  t  = 0 , th e  so lu tio n  i s
i~ = IZ § u = Jk I-+ L £ a s  + K exP
R + R eg ga Rga
- t
t go J 
V .tWhen t  .= 0 , th e  constan t K i s  given by K = -  d- .go
R s ga
a -  iVa Vd) + Vd:-go (1 -  exp T L z il )
R + E E s .  t  Ieg ga ga L goJ
The f i r s t  term rep resen ts  the device cu rren t fo r  s ta b le  domains.
The o th er term i s  th e  excess anode cu rren t through C and i s  approxim ately
7 g
c o rre c t fo r  sm all t  w hile C C . When t  »  t  . i -  i s  almost p ro -g go '  go * a ^
p o r tio n a l to  t  . Consider th e  device of F ig . 25 which had th e  follow ing 
g
param eters.
n ’ = o
. Tn21 -3  4 x  10 m
g = 5 p i
¥  = 200 pm
^cg 7*2 pa
^ga “ 20.6  pm
Ro 160 SI
V  = 15 V
j p
52 mA (V = 0) 
g
V v - 1 .5
II 0 .5  m2/s /V
The low f ie ld  re s is ta n c e  RQ i s  h igher than  the  th e o re t ic a l  value of 120JL 
and includes about 40 J i  con tact re s is ta n c e  a t  th e  cathode. Comparative
- -j- -f-
measurements on n m etal and n -  n con tac ts  a lso  in d ica ted  40 co n tac t 
r e s is ta n c e . This re s is ta n c e  drops 2 V a t  th resho ld  bu t only 1 .3  7 when 
domains are  f u l ly  formed. Assuming th a t  the f ie ld  o u tside  th e  domain i s  
1*5 'x 10^ 7/m, the  p o te n tia ls  a t  both ends of th e  gate  a re  7^ = 11,
7^ = 12 and 7^ = 2 .3 > 7^ — 3*3 fo r  the. domain on the  cathode s id e  and th e  
anode s ide  re sp e c tiv e ly . The domain p o te n tia l  i s  8.7 7. With th e se  v a lu es ,
th e  maximum cu rren t due to  th e  gate  capacitance charging i s  about 9 mA fo r
* *
7 = 0  and 5 mA fo r  7 = -10 . These maximum cu rren ts  occur during domain 
§ §
n u c lea tio n . The cu rren t measurement o f F ig . 25 was u n c a lib ra ted  so th a t  a 
comparison .between th e  ca lcu la ted  and measured waveforms has not been 
ca rrie d  o u t. The peak cu rren t however, was 35 mA and fo r  a ty p ic a l  peak to  
v a lle y  r a t io  of 1 *5 , th e  cu rren t am plitude w ithout any ga te  cu rren t would 
be 12 mA. This g ives a r a t io  of 0 .8  fo r  th e  curren t am plitude a t  0 7 to  
th a t  a t  -10  7, compared to  th e  experim ental value of 0.7* The cu rren t 
through th e  gate  capacitance th e re fo re , la rg e ly  accounts fo r  th e  change in  
cu rren t waveform w ith  gate  v o ltag e . B e tte r  agreement should be obtained  i f  
th e  d ep le tio n  regions a t  th e  edges of th e  gate  e lec tro d e  are  considered in  
determ ining the  gate  capacitance.
CHAPTER 5
ELECTRONIC TUNING OF THREE TERMINAL GUM DEVICES
5 .1 . INTRODUCTION
The cathode-to-anode and gate-to -anode modes have d if f e re n t  path  
len g th s  and i f  th ese  are  s u f f ic ie n t ly  d if fe re n t  the  mode can be d e te r ­
mined from th e  t r a n s i t  frequencies . However, th e  spread in  t r a n s i t  
frequencies from device to  device makes id e n t i f ic a t io n  im possible in  
some cases. The two modes must have sep ara te  tuning  mechanisms since  
domains do not pass under th e  gate  in  the  cathode-to-anode mode, and /■%/ 
consequently th e  tun ing  c h a ra c te r is t ic s  may d i f f e r  s u f f ic ie n t ly  to  a id  
i d e n t i f i c a t i o n  of th e  mode. The in te ra c t io n  between the  gate  reg ions 
and domains may be more complicated than  th e  e f fe c ts  considered in  th e  
previous Chapter so th a t  i t  i s  d i f f i c u l t  to  p re d ic t th e  im portant 
tun ing  mechanisms. The problem i s  two-dim ensional and i s  no t amenable 
to  a n a ly s is .
The t r a n s i t  tim e mode i s  of l i t t l e  use fo r  p r a c t ic a l  o s c i l la to r s  
due to  i t s  low e ff ic ie n c y  and noisy  s ig n a l. Resonant modes in  c a v it ie s  
overcome th ese  problems, bu t a lso  r e s t r i c t  th e  tun ing  range. The 
reduction  o f th e  tun ing  ra te  i s  ca lcu la ted  in  sec tio n  5 . 5* fo r  a coax ia l 
c av ity . When th re e  te rm in a l devices a re  operated in  c a v i t ie s ,  an 
a d d itio n a l tun ing  mechanism i s  involved concerning th e  v a r ia t io n  o f th e  
ga te  capacitance w ith  gate  v o ltag e . The gate  capacitance w i l l  not 
in fluence  th e  t r a n s i t  frequency, but tunes th e  device as in  a conventionally
»*i
tuned Gunn o s c i l la to r  . However, th e  capacitance on th ese  tra n sv e rse  
devices i s  connected in to  th e  device which can be considered as a 
p o te n tia l  d iv id e r . This tuning mechanism w il l  be shown to  be n e g lig ib le .
5 .2 . TRANSIT FREQUENCY TUNING WITH GATE VOLTAGE
The encapsu lation  used fo r th re e  te rm in a l devices consis ted  of 
two packages welded back to  back, see F ig . 28. The combined en cap su la tio n
was mounted in  a A/2 coax ia l cav ity  shown in  F ig. 29, which was heav ily  
loaded with, lo ssy  rubber fo r  t r a n s i t  frequency measurements. The 
frequencies  obtained were not s ig n if ic a n tly  d if f e re n t  from unencapsulated 
devices operated in  a m ic ro s tr ip  mount, matched a t a l l  p o r ts .  I t  was, 
th e re fo re , assumed th a t  th e re  were no se rio u s  resonances in  th e  cav ity  
mount. I n  order to  compare the  t r a n s i t  frequency tun ing  of p a r t ic u la r  
devices w ith t h e i r  cav ity  co n tro lled  tu n in g , i t  was necessary  to  
encapsulate th e  dev ices, s ince  th e  resonant c av ity  would not accept 
unpackaged dev ices.
T ran s it frequency tuning  w ith gate  vo ltage  i s  shown in  F ig . 30 
f o r  one o f th e  la y e rs  in v e s tig a te d . Examination of th e  frequencies  and 
device dimensions in d ic a te s  th a t  fo r a ty p ic a l  average domain v e lo c ity  
of *7 x 10^ m/s, th e  device appears to  operate in  the cathode-to-anode 
mode when th e -g a te  vo ltage  i s  p o s it iv e . At a c r i t i c a l  g a te  v o ltag e , th e  
frequency jumps and the  mode appears to  be the gate-to -anode mode, fo r  
negative  ga te  v o ltag e s . One cannot be c e r ta in  which mode e x is ts  because 
th e  t r a n s i t  frequencies are  no t very d if f e re n t .  For reasons d iscussed  
in  se c tio n  5. 4 * th e  device probably operates so le ly  in  th e  g a te - to -  
anode mode, in  which case th e  -frequency jump must be regarded as due to  
a c i r c u i t  resonance*
5 /The average domain v e lo c ity  fo r  pulsed devices i s  1 .1  x 10 m /s, 
somewhat h igher than  th e  C.W. v e lo c ity  which i s  reduced by h ea tin g  
e f f e c ts .  This suggests th a t  the  tun ing  curves o f F ig . 31 a re  due to  th e  
cathode-to-anode mode, although again th e  gate-to -anode mode i s  a 
p o s s ib i l i ty .  F igs. 32 and 33 show t r a n s i t  frequencies f ro m .d iffe re n t 
devices which are c le a r ly  operating  in  th e  gate-to -anode mode. The 
tun ing  range was high, ty p ic a l ly  2 GHz or 25%} w ith tim ing r a te s  up to  
1 GHz/V. In  co n tra s t the  device corresponding to  F ig . 25 operated in  
th e  cathode-to-anode mode fo r  which th e  tuning range was q u ite  sm all, 
about 4/y*
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Although the high frequency reg ion  in  Fig* 30* corresponding to  
th e  gate-to -anode mode, has a low tun ing  range fo r  t h i s  mode, i t  i s  
n e v e r th e le s s , s im ila r  to  th e  device of F ig . 32 fo r  comparable ga te  
v o lta g e s . These 'two devices had s im ila r  c a r r ie r  concen tra tions and 
dimensions which would a f fe c t  th e  ga te  d ep le tio n  depth and.hence th e  
tun ing  c h a ra c te r is tic s .,  a lso .
5 .3 . DOMAIN NUCLBATION AT THE CATHODE AND GATE
The n u c lea tio n  o f domains a t th e  cathode req u ire s  th a t  th e  f ie ld
reaches th re sh o ld  a t  the  cathode when th e  f ie ld  under th e  g a te  i s  le s s  
th a n  th re sh o ld . This in  tu rn  req u ire s  a high f ie ld  reg ion  a t th e  
cathode since  th e  f ie ld  under th e  g a te  i s  always h igher th an  in  th e
r e s t  of th e  la y e r . The m eta llized  con tac ts  used fo r  th e  cathodes
include such a reg ion  as d iscussed  in  se c tio n  3*5. There i s  a c r i t i c a l  
g a te  vo ltage  Vgm where domains cease to  be nucleated  a t  th e  cathode and 
n u c lea te  under th e  gate  in s te a d .
1 ' * •
Consider th e  device of F ig . 30. I t s  th e o re t ic a l  re s is ta n c e  i s  
B8SX compared to  th e  measured value of 200 JX,
The th re sh o ld  vo ltage  of 12.2 V i s  c lose to  th e  th e o r e t ic a l  v a lu e , 
assuming E^ = 3 .5  kV/cm. The d iffe ren ce  of 112J1 i s  a t t r ib u te d  to  con tac t 
re s is ta n c e . At th resh o ld  th e  cu rren t was 32 mA so th a t  th e  v o ltag e  
across th e  con tact reg ion  was 3*4 V; leav in g  S. 8 V fo r  th e  a c tiv e  
la y e r .  I f  th e  f ie ld  under th e  gate  were to  reach E^ sim ultaneously , th e  
ga te  d ep le tio n  depth would have to  be 0.28d = 1.12  pm, using  equation  
(6) .  From equation (4) th e  applied  vo ltage across th e  ga te  d e p le tio n  
reg ion  must be -3*9 V. Now th e  vo ltage between th e  cathode and th e  
p o in t under th e  gate  a t x = g i s
' V = V + E 1 + V' ‘2 c r  eg
where i s  the  vo ltage  across th e  con tact re s is ta n c e  and V* i s  th e  
v o ltag e  dropped under th e  g a te . V* i s  approxim ately g ( l  + 0 .72)E ^/2  = 1 .2  V.
Hence — 6 .1  V and V = (6 .1  — 3*9)V = 2 .2  V. The experim ental <. gm
values between 1 and -2  V are  somewhat l e s s .  The devices corresponding 
to  F ig s. 32 and 33 would req u ire  gate  vo ltages g re a te r  than 5«7 V and 
5 .2  V re sp e c tiv e ly  fo r  th e  cathode-to-anode mode. S im ila rly  th e  two 
devices of F ig . 31 would operate in  th i s  mode fo r  ga te  v o ltages g re a te r  
than  k V.
These observations do no t include th e  dynamic e f fe c ts  o f domain 
growth. I f  th e  domain a t th e  ga te  cannot absorb th e  device v o ltag e , 
th e  f ie ld  ou tside  t h i s  domain w il l  r i s e  and tie  cathode w i l l  n u clea te  
a domain. The cathode domain i s  la rg e r  than  th e  gate  domain a t  th re sh o ld  
because of th e  vo ltage  drop in  th e  con tact reg ion , although not a l l  of 
th i s  vo ltage  w i l l  t r a n s f e r  to  th e  domain. Consequently, th e  cathode 
domain w ill  grow a t the  expense of th e  gate  domain. The r a te  a t  which 
v o ltag e  i s  app lied  to  th e  n u c lea tin g  domain depends on th e  r a te  a t 
which th e  previous domain co llap ses  a t  th e  anode. This mechanism may 
exp la in  th e  f a c t  th a t  the device of F ig . 25 operated in  th e  cathode- 
to-anode mode a t  gate  v o ltag es which would otherw ise cause th e  g a te - to -  
anode mode to  o p era te .
As th e  ga te  vo ltage  i s  made in c re a s in g ly  n eg a tiv e , th re sh o ld  
under th e  g a te  must occur a t  lower anode cu rren ts  and v o ltag e s , u n le ss  
th e  device i s  very sh o r t. The exception o f sh o rt devices i s  because 
th e  anode cu rren t decreases as th e  ga te  v o ltag e  i s  in c reased , and th e  
in c rease  in  channel re s is ta n c e  and v o ltag e  dropped under th e  g a te  would 
not be compensated by th e  reduced v o ltag e  across th e  r e s t  o f  th e  la y e r .
In  the  cathode-to-anode mode th e  th re sh o ld  cu rren t must remain constan t 
w ith  gate v o ltag e , otherw ise th e  f ie ld  w il l  vary a t  th e  cathode. The 
anode th resh o ld  vo ltage  w il l  in c rease  s l ig h t ly  w ith negative  ga te  
vo ltage  as the channel re s is ta n c e  in c re a se s . The i/V  c h a ra c te r is t ic s  
of F ig . 34 in d ic a te  t h i s  behaviour. I t  should be p o ssib le  th e re fo re ,
to  id e n tify  the mode from th e  v a r ia tio n  of th resh o ld  cu rren t w ith 
g a te  v o ltag e . Except in  th e  case o f F ig . 25, th e  gate-to -anode mode 
was in d ica ted  fo r  a l l  devices w ith  negative and fo r  most devices 
w ith  Vg p o s it iv e .
5 .4 . HECHAHISMS OF FREQUENCY TUNING
The la rg e  changes in  frequency observed from th e  gate-to -anode 
mode would req u ire  la rg e  v a r ia tio n s  in  th e  average domain v e lo c ity  
w ith  gate  voltage* Since a  growing domain, w ith th e  o u tsid e  f i e ld  
above Eg, has an excess v e lo c i ty ^ ,  a  la rg e  v a r ia t io n  in  domain growth 
tim e ■with gate  v o ltag e  would produce th e  observed frequency tu n in g .
The only way t h i s  could happen i s  fo r  th e  gate  channel r e s is ta n c e  to  
considerably  -increase th e  RC tim e constant of th e  domain. The e f fe c t  
however, i s  n e g lig ib le . '
A p o ssib le  explanation  o f th e  wide tun ing  range involves 
accumulation la y e rs . These have v e lo c i t ie s  considerably  in  excess of
ip
th e  o u tside  d r i f t  v e lo c ity  • The n u c lea tio n  of an accum ulation mode 
i s  a  strong p o s s ib i l i ty  because of th e  geometry of th e  ga te  reg io n . An 
accumulation reg ion  -will c e r ta in ly  be formed a t  x  = g-when. th e  f ie ld  
r is e s  above th re sh o ld . For x  > g, th e re  i s  d ep le tio n  caused by th e  
decreasing  f i e ld .  The degree of d ep le tio n  i s  however, very sm all. For 
example, consider th e  f i e ld  f a l l in g  from 1 .1  E^ to  E^ over 0 .5  pm,
th e  s o r t  of s i tu a t io n  th a t  would e x is t  as a domain beg ins to  n u c le a te .
21Poissonf s Law req u ire s  a  d ep le tio n  fa c to r  o f about 1% f o r  nQ — 4 x  10 
Such a small d ep le tio n  would be f i l l e d  in  by d if fu s io n  from th e  growing 
accum ulation la y e r . Consequently, an accum ulation la y e r  would 
propagate im i t ia l ly ,  but could l a t e r  develop in to  a d ip o le  domain. A 
la rg e  notch ahead of th e  accumulation la y e r  would allow  a d ip o le  domain 
to  form, bu t in  tra n sv e rse  devices w i th .f a i r ly  uniform c a r r ie r  
concen tra tions t h i s  i s  u n lik e ly .
An im portant po in t about the accumulation mode is th a t  i t  i s  
no t a constant vo ltage mode, in  co n trast to  th e  d ipo le  domain mode.
As th e  accumulation la y e r  advances th e  device vo ltage  is given by
Vb = ^bXa + Ef  ^  ~ Xa) ’   '
where x  i s  th e  d is tan ce  between the  la y e r  and the  cathode, see F ig , 35*
cl
Since v^ =£= v^ by cu rren t co n tin u ity , and v^ s a tu ra te s  a t high f ie ld s ,  
th e  vo ltage  across th e  ac tiv e  region must in crease  rn th  x  • With
cl
constant vo ltage  c i r c u i ts  t h i s  i s  im possible. E ith e r  th e  accum ulation
slows down or i t  begins to  d isp erse  so th a t  th e  E^ f a l ls *  E ith e r  way
th e  e lec tro n s  in  f ro n t w i l l  move away from th e  accum ulation la y e r  to
form a d ipo le  domain. In  th e  gate-to-anode mode however, th e  combined
s e r ie s  restances of R and th e  channel re s is ta n c e  g ive a measure ofeg
vo ltage v a r ia tio n  across th e  ac tiv e  p a r t  of th e  la y e r .  As th e
accumulation la y e r  grows and th e  device cu rren t f a l l s  th e  vo ltage across
th e  s e r ie s  re s is ta n c e  i s  reduced, allow ing the vo ltage  in  f ro n t o f
#
th e  accumulation la y e r  to  r i s e .  Because the  a v a ilab le  v o ltag e  i s  
lim ite d  by the  sm all value of th i s  s e r ie s  re s is ta n c e , a  d ip o le  domain 
w i l l  even tually  be formed as explained above. As th e  g a te  v o ltag e  i s  
made more negative the e f fe c tiv e  s e r ie s  re s is ta n c e  in c re a se s , and 
th e re  i s  more vo ltage a v a ila b le  fo r  th e  a c tiv e  reg ion . Consequently, 
th e  accumulation la y e r  can t r a v e l  fu r th e r ,  in creasin g  th e  t r a n s i t  
frequency because of i t s  high v e lo c ity .
The experim ental t r a n s i t  frequencies almost sa tu ra te d  in  th e  
gate-to -anode mode. This would be because in c reas in g ly  h igher f ie ld s  
a re  requ ired  in  f ro n t of th e  la y e r  as i t  propagates, in  o rder th a t  v^ 
can equal v^. Correspondingly h igher vo ltages are  req u ired . The 
accum ulation mode can th e re fo re  give a q u a li ta t iv e  exp lanation  o f th e  
experim ental r e s u l t s .  U nfortunately an acceptable th eo ry  has not been 
developed fo r  th e  propagation c h a ra c te r is t ic s  of th i s  mode so th a t  i t  i s
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no t po ssib le  to  p re d ic t any num erical r e s u l t s ,  '
\  %
I t  does not appear p o ssib le  to  exp lain  th e  3®% tun ing  of F ig , 31
in  term s o f normal d ipo le  domains which t r a v e l  from cathode to  anode.
The t o t a l  change in  the  cathode to  anode t r a n s i t  frequency due to  th e  
v e lo c ity  change under th e  g a te  (mentioned in  sec tio n  4 *3 ) must be 
lim ite d  by the r a t io  of gate  len g th  to  device len g th , about 12/1 fo r  
F ig , 31* In  p ra c tic e , th e  tuning  w il l  be much le s s  than  th i s ,  and a 
ca lcu la ted  value o f about k% i s  derived in  Appendix I I .  Consequently, 
i f  th e  devices o f  F ig . 31 operated in  th e  cathode-to-anode mode, most 
o f  th e  frequency tuning must have been due to  domain v e lo c i ty  changes in  
th e  r e s t  of the la y e r . Since domain growth tim e i s  n o t s ig n i f ic a n t ly  
a l te re d  by the channel r e s is ta n c e , th e  domain leav ing  th e  g a te  must be 
d if f e re n t  to  a normal d ipo le  domain. Whatever form o f  domain leav es  th e  
g a te , i t  w i l l  be reduced in  v o ltag e  by th e  proxim ity o f th e  m etal 
e le c tro d e . The ou tside  f ie ld  w i l l  th e re fo re , be g re a te r  than E and theO
domain w ill  have an excess v e lo c ity , which w il l  g rad u a lly  f a l l  to  th e  
s ta b le  value as the  domain grows. With in c reas in g  n eg a tiv e  g a te  v o ltag e , 
la rg e r  domains leave  th e  g a te  and the excess v e lo c ity  i s  l e s s .  As a 
r e s u l t  th e  frequency i s  lower fo r  in creasin g  negative g a te  v o ltag e , in  con­
t r a d ic t io n  to  th e  observed r e s u l t s .  This mechanism must th e r e f o r e , . be 
i r r e le v a n t  or n e g lig ib le  fo r  the  type o f domains actual3.y leav in g  th e  
g a te . One p o s s ib i l i ty  here i s  th a t  th e  domain i s  predom inantly an 
accumulation la y e r  and th e  tuning mechanism i s  then  s im ila r  to  t h a t  of 
th e  gate-to -anode mode. The form ation o f an asymmetric domain i s  
p o ss ib le  because of the  competing d ipo le  formed between th e  accum ulation 
la y e r  and th e  gate  d ep le tio n  reg ion . The domain d ep le tio n  w a ll sh rin k  
somewhat as th e  domain passes under th e  ga te  in  a d d itio n  to  th e  b i l a t e r a l  
reduction  due to  th e  proxim ity of th e  m etal e le c tro d e .
The fie3.d in  f ro n t of th e  asymmetric domain w i l l  be h ig h er than
th e  f ie ld  behind i t ,  The v e lo c i t ie s  are approxim ately equal
because of cu rren t co n tin u ity , and displacem ent cu rren t i s  no t 
s ig n if ic a n t  u n t i l  the  domain approaches th e  anode. - The asymmetric 
domain v e lo c ity  can be determined by modifying the B ott and Fawcett 
expression ,
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where v^ i s  th e  v e lo c ity  which th e  peak f ie ld  t r a v e ls  and D/ (E) i s  th e  
g rad ien t of th e  d if fu s io n  c o e ff ic ie n t D(E). This equation  can be 
s a t i s f ie d  in  th e  d ep le tio n  reg io n  and in  th e  accum ulation reg io n , w ith
id e n t ic a l  so lu tio n s  when E = E and n = n • I f  th e  v e lo c i t ie s
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corresponding to  E^ and E^ are v^ and v^ re sp e c tiv e ly , and th e  c a r r ie r
d e n s it ie s  in  th e  two p a r ts  of th e  domain are  11 and n , su b tra c tin g  th e
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Because n n_^ , and th e  in te g ra l  between E^ and E^ can be neglected
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This r e s u l t  i s  s im ila r  to  th a t  of B ott and Fawcett fo r  a. normal d ipo le
domain, but the  excess v e lo c ity  i s  now re fe r re d  to  th e  v e lo c ity  in  f ro n t
22  -3of th e  domain. For high donor co n cen tra tio n s, ^ 1 0  m , and fo r  o u tside
f ie ld s  above E , th e  domain v e lo c ity  i s  considerably  in  excess of th e  s
o u tsid e  d r i f t  v e lo c ity .
I f  th e  asymmetric domain qu ick ly  re -e s ta b lish e d  o v e ra ll charge 
n e u tr a l i ty  i t  would then  grow as a normal d ipo le  domain. However, th e  
excess v e lo c ity  may be s u f f ic ie n t  to  more or le s s  reduce th e  growth of 
t.he d ep le tio n  reg ion  to  zero . The tun ing  mechanism would th en  be 
s im ila r  to  th a t  of th e  gate-to -anode mode. The growth r a te  of a  domain
w ith  an excess v e lo c ity  can be ca lcu la ted  by modifying th e  unequal a reas
5 ..ru le  . Equating th e  t o t a l  domain cu rren t to  th e  cu rren t o u tside  g ives
JL (E _ E ) = en0 I"v(E ) - v(E)~| -  v(E) 2® + D . . . . . .  (20)
£t v r J —  L J
The domain v e lo c ity  i s  included by assuming i t s  shape changes slow ly 
so th a t  E can be considered a function  of xv = (x -  v^ t) and t / = t .
The follow ing s u b s ti tu tio n s  are  used
= <^ E and cJljj = ^E -  v^ ^E
hx dx' ^  I t '  b x '
In te g ra tin g  equation (20) over the domain from 3^  to  x^ y ie ld s
Now Poissons equation can be w ritte n
-  ' :  . . . . . .  ( 22)t
where k i s  th e  space change f a c to r .  Noting th a t  th e  in te g ra tio n  over 
th e  accum ulation reg ion  can be ignored and th a t  the l a s t  term  in  
equation (2l )  can be neglected  in  th e  d ep le tio n  reg ion ,
dVex
d t
nE
p
E
f*E
P
_ i  £v, -  v(E)j dE + j^v(E) -  v 1  dE . . . . . .  (23)
Er  r
When d iffu s io n  i s  neg lected  k = -1  and th e  domain has zero growth i f  
vd = y — vf . Since v^ > v^ fo r  th e  asymmetric domains, th e  second 
term  in  equation (23) reduces, th e  growth r a te .  This ap p lie s  t o  la rg e  
domains only, because sm all domains have almost th e  same v e l o c i ty ^  as 
th e  ou tside  e le c tro n s . Consequently a domain being nuclea ted  can be 
asymmetric but w i l l  qu ick ly  develop in to  a normal d ip o le  domain.
This mechanism involving a predominant negative charge on th e  
domain would account fo r  th e  wide tun ing  range shown in  F ig . 31 and a lso  
th e  lower frequency reg ion  of F ig . 30. However, th e  r e s t r i c te d  tun in g  
o f th e  cathode-to-anode mode in  F ig . 2$ i s  not co n s is ten t w ith  t h i s  
assumption and i t  th e re fo re , appears th a t  th e  tuning  curves o f F ig s . 30 
and 31 are due to  th e  gate-to -anode mode. Also th e  cu rren t a t  th re sh o ld  
decreased w ith  in c reas in g ly  negative Vg fo r  th ese  dev ices, and from th e  
previous sec tio n  th i s  i s  fu r th e r  evidence of th e  ga te-to -anode  mode.
5 .5 . CAVITY TUNING BY VARIATION OF THE TRANSIT FREQUENCY WITH
GATE-VOLTAGE
.'When a Gunn device i s  operated in  a  resonant c i r c u i t ,  constan t 
device vo ltage no longer p revails*  The device ex h ib its  a susceptance 
which depends on th e  cu rren t, which i s  a function  of tim e . I f  th e  load  
conductance i s  no t too la rg e , th e  amplitude of th e  microwave v o ltag e  i s  
s u f f ic ie n t  to  co n tro l th e  n u c lea tio n  of domains, i . e .  th e  delayed 
domain mode occurs. The frequency o f o s c i l la t io n  i s  th en  no lo n g er 
co n tro lle d  by th e  t r a n s i t  frequency, but by th e  device suscep tance, an d • 
o f course th e  reso n a to r susceptance. Since th e  t r a n s i t  tim e a f fe c ts  v 
th e  cu rren t waveform i t  m i l  a lso  in flu en ce  th e  device suscep tance. To 
a f i r s t  approximation the  change in  device susceptance B i s  g iven  by
. J L  . . . . . .  (24)
B T. ' t ..
. - P -
where t ^  i s  the  o s c i l la to r  period . The o s c i l la to r  frequency m i l  no t 
change by t h i s  amount because of th e  s ta b i l iz in g  in flu en ce  of th e  high Q 
c a v ity .
An experim ental example of th e  reduction  in  th e  tun ing  range due 
to  th e  cav ity  s ta b i l iz a t io n  i s  shown in  F ig . 36. The cav ity  o s c i l l a to r  
frequency i s  s ig n if ic a n t ly  lower than  th e  t r a n s i t  frequency and th e  
device i s  c le a r ly  operating  in  the  delayed domain mode, w ith  freq u en c ies  
varying between 0.70 and 0 . 95f 4.« The tuning r a te  i s  about one te n th  
o f  the  maximum t r a n s i t  frequency tuning r a te .  The apparent in co n sis ten cy  
o f lower operating  frequencies in  th e  longer cav ity  i s  due to  th e  tu n in g  
screw being almost completely in se r te d  fo r  th e  sh o rte r  c a v ity , th u s  
e f fe c tiv e ly  in c reasin g  th e  cav ity  len g th . This was necessary  to  o b ta in  
th e  optimum frequency fo r  the  device. No tuning screw was req u ired  fo r  
th e  2.15  cm cav ity , equivalent to  V 2 a t  6.8  GHz which i s  c lo se  to  th e  
observed frequency of about 6.7 GHz.
The output power i s  shorn in  F ig . 37. Maximum power occurred when 
Fg was about 0 .7  V and a t a frequency of about 6 GHz. This corresponds
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to  0.75fj.* The h a lf  power curves were obtained by decoupling th e  lo ad .
An in te re s t in g  fe a tu re  i s  th a t  th e  o s c i l la to r  output ceased a t  gate  
v o ltag es  le s s  than  -2  V fo r  f u l l  power output but le s s  th an  -5  V fo r  
h a lf  power ou tpu t. Moreover, th e  output d id  not re tu rn  u n t i l  th e  
ga te  vo ltage was re tu rned  to  -0 .8  V. This sw itch in g -o ff e f fe c t  was 
probably due to  th e  microwave vo ltage decreasing  w ith  g a te  v o ltag e  to  
an ex ten t where th e re  was in s u f f ic ie n t  vo ltage  to  generate  th e  delayed 
domain mode. The f a l l in g  :power output w ith ga te  v o ltag e  i s  c o n s is ten t 
w ith  such an exp lanation , and in d ic a te s  a cu rren t waveform with, a 
reduced fundamental component. The device would then  operate  in  th e  
t r a n s i t  tim e mode and-would not sw itch in to  th e  delayed domain mode u n t i l  
th e  t r a n s i t  tim e mode had s u f f ic ie n t  am plitude, which occurred fo r  th i s  
device a t  -0 .8  V.
To determ ine th e  s ta b i l iz in g  e f fe c t  of th e  c a v ity , consider th e  
simple equivalent c i r c u i t  o f F ig . 38. C i s  the  package s tra y
S  -.
capacitance . The th i rd  te rm in a l was weakly coupled to  th e  c a v ity , as 
w i l l  be shown in  th e  next se c tio n , and has been neg lected  in  t h i s  c i r c u i t .  
The t o t a l  c i r c u i t  reactance i s
X = Zo tanyS L -  1 . . . . . .  (25)
/  JdC + c), ' s 7 ,
Because L V 2 , equation (25) can be approximated to
X ~  Z {'WL - 1-   (26)
0 C w(Cs +"c)
where c i s  the v e lo c ity  of l i g h t .  Under steady  o s c i l la t in g  con d itio n s
dX AV = 0 . . . . . .  (27)
^ v g g
where A f  and AV are  sm all changes in  th e  frequency and ga te  v o ltag e  
S
re sp e c tiv e ly . Therefore, th e  tun ing  r a te  d f i s
- dV
df.■Now. i f  the t r a n s i t  frequency tuning r a te  i s    £
dV
g
cKL
'bvg
df.
1 anad c)X = 27VSince 'bX — _
co(C + C ) 2 co2(C + C )
2 7V LZ
. . . . . .  (2 9 )
d f
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• co(C + C ) 2 *^Vg
27X rxz
. . . . . .  (30)
u r(c .+  c )s J
The device capacitance C co n s is ts  of two p a r ts ,  th e  c o n tr ib u tio n  
,Cc from th e  domain capacitance C^, and th e  quadratu re  component of 
th e ' e le c tro n  cu rre n t. Since th e  domain e x is ts  only fo r  th e  t r a n s i t  tim e
c = £ .  c , . . . . . .  (31)
c ~  d . • : '
P ' ; -
The fundamental component of th e  quadrature cu rren t i s  obtained by 
considering th e  curren t waveform shown in  F ig . 39* The domain i s  
considered to  n u clea te  and co llap se  in stan tan eo u sly  and th e  cu rren t 
during domain propagation i s  s e t  a t  I  • • By F ourier an a ly s is  of th e  . 
cu rren t waveform, th e  fundamental component of th e  quadratu re  cu rren t i s
■1
q
f  f l  ~ Jh) fsinu>p (1  -  Cos 2 TV Coscop S in  27V. 1
" L *  V L  v  t  I
~ J L  f  Cos 2 top (1 -  c O S  4 7V JD  
4V. I tt  u p
The value of p i s  determined from 
Sin cop = Vb -  Vt
T
Sin 2 cop Sin 4 A
t
P J
P-J 
••(32)
.  (33)
The equ ivalen t capacitance i s
dC can now be obtained
° c = and ~ where
ZT  t  ^ r  03 V 'T
P
^ ~^q =a3^p / I  ~ Zby Cos / 27tJ£. -  cops -  V Sin (L-j  ^ jf_
7T '>.* V ,' V. t  ; 2V.  ^ tv L t  P t  p
Assuming a peak to  v a lle y  r a t io  o f 2 and p u ttin g  in  th e  follow ing values
fo r  th e  device o f F ig . 34* operating  a t maximum power output in  th e
2*15 cm cav ity ,
I 0.13A
p
V, = 9 V1/
f 6 .6  Sfe
cf
* 1
! 0 .32
C = 0.25 pFD
V  > n  V
dC .  ^ - 4  /th e  value obtained fo r —£  us 8 x  10 F /s .  The domain capacitance  i s
rapproxim ately A|£.e nQk/V^ J  ^ w h e re  A i s  the  device a re a . For th e
cl C *“*4tra n sv e rse  devices C, =£s= 0 .1  pF. Hence i s  6 x  10 F /s .  Since
d d'T
th e  t r a n s i t  frequency tun ing  i s  about 1 GHz/V, ^ - ^ = 0 . 1 5  GHz/V. .
g
The Cavity i s  th e re fo re  p red ic ted  to  reduce th e  t r a n s i t  frequency 
tun ing  by a  fa c to r  of 7«3> which i s  in  reasonable agreement w ith  th e  - 
observed fa c to r  o f 10 in  view o f th e  approximations made.
5 .6 . CAVITE TUNING- BY VARIATION OF GATE CAPACITANCE
V aria tio n  o f th e  Schotiky B arr ie r  capacitance w i l l  tune th e  . 
o s c i l l a to r  as in  a conventional v a rac to r tuned o s c i l l a to r .  Normally 
v a rac to r  diodes of about 1 pF are  used to  g ive tun ing  ranges between 
0 .1  and 1 GHz. The ga te  capacitance i s  an order o f magnitude le s s  and 
w i l l  have p ro p o rtio n a lly  le s s  e f f e c t .  The tun ing  range i s  l im ite d  by 
th e  coupling between th e  Gunn device and th e  v a ra c to r  d iode. Package 
p a r a s i t ie s  are  dominant and using S4 packages th e  h ig h est rep o rted
43tu n in g  range o f 2 GHz was achieved by p lacing  th e  two packages as
c lose  as p o ss ib le . One advantage o f th e  th re e  te rm in a l device i s  th a t  th e
tun ing  diode i s  in  th e  same package as the Gunn dev ice , s o ,th a t  th e
p a r a s i t ic  reactances could be minimized. No attem pt was made to  do so-
fo r  t h i s  in v e s tig a tio n . The equ ivalen t c i r c u i t  of th e  th re e  te rm in a l
devices depends on th e  p o s itio n  of the domain. F ig , 40 shows the  two
s itu a t io n s  when th e  domain, rep resen ted  by th e  p a r a l le l  combination o f
and i s  e i th e r  betwen the  cathode and the g a te  or between th e
g a te  and th e  anode. Because R and R • a re  much le s s  th an  bo thga eg
JR. I and l/cdC., B_ becomes <U'(C, *r C _ ) and B_ becomes G ,. The t o t a l  • d I d* 1 v d g l  2 d
device capacitance th e re fo re , sw itches between C, +. C ' and C. as■ ■ ■ d g l  d
th e  domain passes th e  g a te . The quadrature component o f  th e  e le c tro n  
cu rren t i s  g en e ra lly  sm all and has been neglected  h e re . The th in  w ire 
shown-in F ig . which feeds th e  gate  e le c tro d e ,is  in  s e r ie s  w ith  
th e  ga te  capacitance , but i t s  reac tance  i s  n e g lig ib le  and i t  has been 
om itted in  F ig . 38* '
Assuming a s in u so id a l microwave vo ltage VSincjb, th e  dev ice cu rren t
i s  coC, VCoscot where C, i s  th e  tim e dependent device cap acitan ce . The t  p ‘ *
.fundamental -quadrature component i s  th e re fo re
f  t  ~ p . •
P p
o jC^ VCo sco td t . . . . . . .  (36)u
•p
where p has th e  s ig n if ic a n c e  of F ig . 37* The e f fe c tiv e  device capacitance  
i s  then  ;
rC. ~ p
(C 1+  C -)Cos% Jtdt + 2 K & g l '  ^
-P
«  p
CdCosoJt . . ( 3 7 )
/C “* p
G
wnere T  as th e  tim e when th e  -domain reacnes the  g a te . To determ iner °
°th e  tuning  r a te ,  ^e  i s  req u ired .
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In  a s im ila r  manner to  th e  previous sec tio n , i s  given by
e
_ j f  =  - d x .  _.e / ki  . . . . . .  ( 3 9 )
dVg ^ ° e ‘' V
Now since  i
. V;I = ~LW C aV  ..(4 0 )eno£
2(v +"v' -1T 5 V O g x ' g 2(V V -  V .)
where-V i s  here defined, as th e  vo ltage  in  th e  la y e r  under th e  cen tre
o f  th e  g a te , the Value o f  f § -  i s  apprw dxiately 10 Ifflz/V, fo r  a g a te
. r o
v o ltag e  of 0 V. This i s  n e g lig ib le  compared to  th e  tuning  caused by 
th e  t r a n s i t  frequency v a r ia t io n  a t low gate  v o ltag es , but ’ c o n tr ib u te s  
to  th e  tim ing a t  high negative gate  vo ltages where th e  t r a n s i t  
frequency has n ea rly  sa tu ra te d . - ‘
5 .7 . C0IICLUSI01E > ■
. The th re e  te rm in a l Gunn devices show in te re s t in g  tun ing  
phenomena which are  d i f f i c u l t  to  in te rp r e t .  The- wide tu n iig  ranges 
cannot be explained in  term s o f normal d ipole  domains. In  th e  g a te -  
to-anode mode, which operates fo r  most dev ices, th e  n u c lea tio n  o f 
accum ulation lay e rs  a t th e  ga te  o f fe rs  a reasonable exp lanation  fo r  th e  
la rg e  v a r ia tio n  in  frequency. The proposed asymmetric domains fo r  th e  
cathode-to-anode mode may e x is t  w ithout producirg la rg e  frequency . 
v a r ia t io n s .  I t  appears th a t  tun ing  in  th is  mode i s  sm all and can be 
explained by th e  mechanism involv ing  th e  v e lo c ity  v a r ia t io n  under th e  
g a te . Proper id e n t i f ic a t io n  of th e  operating  modes and the  ty p es  o f 
domain which propagate would re q u ire  a high re so lu tio n  c a p a c ita tiv e  
probe to  determ ine th e  vo ltage  p ro f i le  through th e  dev ice .
As p ra c t ic a l  dev ices, th e  th re e  te rm inal o s c i l la to r s  in v e s tig a te d
have l i t t l e  to  o f fe r .  Low power and a s n a il  tun irg  range w ith  varying 
power output are  accompanied by very noisy  sp e c tra . With development, 
th e se  d e f ic ie n c ie s  could be reduced, b it i t  seems most u n lik e ly  th a t  
th e  e le c tro n ic  tun ing  range would match th a t  of conventional v a rac to r  
tuned Gunn o s c i l la to r s .  Incorporating  th e  v a rac to r diode in  th e  sane 
package as th e  Gunn device minimises c i r c u i t  p a r a s i t ic s  and would 
enable wider tun ing  ranges to  be obtained than  those  reported^* , 
e sp e c ia lly  a t  h igher freq u en c ies .
CHAPTER 6 .
FREQUENCY DEPENDENCE WITH AMBIENT TMPERATURE
6 .1 . INTRODUCTION • .
The ro le  o f con tacts on th e  frequency v a r ia tio n  of Cunn
o s c i l la to r s .w ith  ambient tem perature depends s tro n g ly  on the con tact
re s is ta n c e  9 . M eta llized  con tac ts  include d is lo c a tio n s  caused
during  th e  a llo y in g  cycle , which form a th in  r e s i s t iv e  reg ion  between
th e  m etal contact and th e  ac tiv e  la y e r .  This reg ion  i s  thought to
23include acceptors w ith an energy o f about 0 .1  eV. I t s  re s is ta n c e  i s  
th e re fo re  tem perature dependent and causes an o v e ra ll  negative  s lo p e ^  
in  th e  frequency ag a in st tem perature c h a ra c te r is t ic .  With very  c a re fu l 
co n tro l o f th e  m e ta lliz a tio n  process the  re s is ta n c e  of th i s  reg ion  can 
be made n e g lig ib le , otherw ise the con tac t re s is ta n c e  can be comparable 
to  the ac tiv e  la y e r  re s is ta n c e . The problems asso c ia ted  w ith  m etal
•j*
con tac ts  can be overcome by the  use of n con tac ts  which e lim in a te  con tac t
-j-
re s is ta n c e  to  a l l  in te n ts  and purposes. Examination o f  dev ices m th  n 
con tac ts  has enabled th e  tru e  n a tu re  o f th e  frequency dependence o f Gunn 
o s c i l la to r s  w ith  ambient tem perature to  be s tu d ied . This ch ap ter g ives an 
an a ly s is  o f th e  Gunn o s c i l la to r  which s a t i s f a c to r i ly  exp la in s th e  observed 
experim ental behaviour.
The purpose o f th i s  an a ly sis  i s  t o  o b tam  an approximate understand­
ing o f how th e  various tem perature dependent p ro p e rtie s  o f a Gunn diode 
in flu en ce  the frequency s t a b i l i t y  of o s c i l la t io n  under d if f e r e n t  operating  
co n d itio n s. The Gunn diode chip i s  represen ted  as a simple equ ivalen t 
e i r c u i t  which i s  determined from th e  r e s i s t iv e  and re a c tiv e  components 
o f  cu rren t fo r  a given microwave v o ltag e . The eq u iva len t capacitance 
C i s  due to  the  quadrature component of the e le c tro n  c u rre n t, as w ell as 
domain and la y e r  capacitances. Both G and the p a r a l le l  negative 
conductance G are  functions of tem perature.
6 .2 . EXPERIMENTAL RESULTS
The devices in v e s tig a te d  were of " layer-up" co n stru c tio n ,
i l l u s t r a t e d  in  F ig , 11. The e p ita x ia l  la y e rs  were 8 microns th ic k  and
21 -3had c a r r ie r  concen tra tions o f about 3 x  10 m . The diam eter o f th e  
a c tiv e  region was about 70 microns and the  s l i c e  th ick n ess  was 
90 m icrons. Power outputs up to  50 m¥ were obtained  a t  . 9 V b ia s  w ith  
e f f ic ie n c ie s  as high as l<$.
Measurements of the. frequency tun ing  w ith  ambient tem perature were 
c a rrie d  out a t %& GHz using  an in v a r coax ia l cav ity  w ith a nominal 
len g th  o f X /2, shown in  F ig . 41. The c h a ra c te r is t ic  impedance was 
50 .A  and the dimensions were those of p re c is io n  7 mm components.' This 
enabled accurate  measurements of th e  load  to  be made. To reduce th e  
frequency p u llin g  e f fe c ts  o f mismatches, a 10 dB a tte n u a to r  was con­
s tru c te d  w ith a r e f le c t io n  c o e ff ic ie n t of le s s  than  1 .0 3 . Two q u a r te r  
wavelength slugs were used to  match and tune th e  dev ices. The f ro n t 
s lu g , of 16 SI nominal impedance, p rim arily  co n tro lled  th e  frequency 
w h ils t th e  sep ara tio n  between th e  f ro n t slug and th e  23 r e a r  slug  
la rg e ly  co n tro lled  th e  match. These slugs were mounted on m icrom eter 
movements to  accu ra te ly  lo c a te  them fo r  any cav ity  lo ad . The whole
cav ity  was held in  an oven which could be cooled w ith  l iq u id  n itro g en .
45The output was fed  to  a frequency d isc rim in a to r which had an ac c u ra te ly  
l in e a r  range from 9*7 to  9 .9  GHz. I t s  ou tpu t, to g e th e r with' th e  v o ltag e  
from a thermocouple embedded in  the device heat s in k , were used to  
operate  an X-Y reco rd e r. A channel s e le c to r  enabled th e  power and 
b ia s  cu rren t to  be monitored sim ultaneously . The equipment i s  
i l l u s t r a t e d  in  F ig . 42.
The r a te  o f frequency tuning  w ith  ambient tem peratu re, df/dT , 
depends markedly on th e  r e s i s t iv e  lo ad . When loaded to  g ive maximum 
power, df/dT i s  negative w ith a magnitude o f  about -1  KHz/°C, see
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F ig . 43* .With in c reasin g  decoupling of th e  lo ad , df/dT decreases in  
magnitude and ev en tua lly  becomes p o s itiv e  when th e  power output i s  about 
- 2  dB from maximum. With high b ia s  vo ltages and high ambient 
tem peratures, df/dT becomes in c rea s in g ly  more n egative . Also a t  low 
b ia s  v o ltages and tem peratures even la rg e r  negative values o f df/dT were 
observed, bu t th e se  appeared suddenly w ith decreasing tem peratures shown-'in 
F ig . 44. These very high tuning r a te s  a t  low device tem peratures were 
accompanied by a p o s itiv e  slope in  power Vs tem perature and a re  not 
understood. I t  seems th a t  th e  cav ity  i s  not f u l ly  c o n tro llin g  th e  device 
cu rren t to  give one o f th e  normal domain m odes,'but i s  p a r t i a l ly  
allow ing the  cu rren t sw itching o f th e  t r a n s i t  tame mode. However, t h i s  _ 
anomalous behaviour did not occur under ty p ic a l  operating  conditions and 
w i l l  not be considered fu r th e r .  Ignoring  th is  reg ion  o f high df/dT and 
th e  g radually  Increasing  d.f/dT a t  high device tem peratu res, th e  v a r ia t io n  
o f df/dT w ith b ia s  vo ltage  and decoupling fa c to r  was -p lo tted  in  F ig . 45. 
This shows th a t  very low frequency d r i f t s  can be obtained w ith about 2 dB 
decoupling from maximum power and b ias  vo ltages of about 9 V. G reater 
power reduction  and h igher b ias  vo ltages would give low frequency d r i f t s  
over a reduced tem perature range due to  th e  gradual in c rease  in  df/dT  a t 
high device tem peratures.
6 .3 . EQUIVALENT CIRCUIT
The e f fe c t  of th e  resonant cav ity  I s  to  s ta b i l i z e  v a r ia t io n s  in  th e  
device susceptance which would otherw ise cause veiy  la rg e  frequency d r i f t s .  
C avity  resonato rs  using transm ission  l in e s  or waveguides have g re a te r  
s t a b i l i t y  than lumped element reso n a to rs  due to  th e i r  g re a te r  s to red  
energy. The device package, shown in  F ig . 46, does not co n tr ib u te  
s ig n if ic a n t ly  to  th e  frequency s t a b i l i t y  and th e  sm aller package elem ents 
w il l  be ignored. For th e  purpose o f ca lcu la tin g  df/dT , i t  i s  s u f f ic ie n t  
.to .assum e an approximate c i r c u i t  fo r  th e  resonato r as shown in  F ig . 47*
The susceptance across the  diode te rm in als  i s
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46 EQUIVALENT CIRCUIT OF S4 PACKAGE
B =co(c2 c) -1- Zo (tatiySt  + tanyB g )  1 ^ ...........  (41)
where C and G- a re  the  device capacitance and conductance re sp e c tiv e ly .
At resonance B = 0 and a sm all change in  f  due to  a sm all change in  C
must leave th e  same cond ition  , i . e .
B /\ Q j +  c) B A  C == 0 • • • o . • • (4 2 )
boJ c) C
* Am _  & B /  ^  B • • • • • •  (43)
. . AC “ c) C / bu>
The frequency d r i f t  r a te  can then  be expressed as
— = (lim  A T —> 0) =.................................................... ...........dT AT ■ ; dT /  bu> . .dT
where S i s  a  s t a b i l i t y  f a c to r  which i s  a measure o f th e  energy s to rag e  o f
th e  re so n a to r. For th e  c i r c u i t  o f  F ig . 47
S = -f c2  + c +
*1
(45)
(coL  ^ + ZQ(tanySE. + tanySfi. ))
Any frequency dependence on th e  load  re s is ta n c e  i s  n e g lig ib le  because th e
loaded »  1 fo r  Gunn o s c i l la t io n ,
r\   col b B (46)
V  2  'buy
In  o rd er to  compare experim ental r e s u l ts  w ith  th e  c a lc u la tio n s , th e  
dimensions o f th e  experim ental cav ity  w ere'used in  th e  equ iv a len t c i r c u i t ,  
Although th e  device capacitance C v a rie s  w ith tem perature, i t s  magnitude 
i s  small compared to  th e  l a s t  te rn  in  Equation (45) and an approximate 
value of 0 .3  pF was assumed. Using values fo r  Iy  and Cg o f 0.65 nH and 
0 .2  pF re sp e c tiv e ly , S had the  value -2 x  1 0 ^  HzF ^ a t  10 GHz.
I t  i s  easy to  show th a t  S i s  n e ith e r  a fu n c tio n  o f  Q nor th e  load
re s is ta n c e  R. However, df/dT depends on R because C i s  a fu n c tio n  o f th e
5microwave vo ltage  V across the dev ice, and V i s  re la te d  to  R. Kurokawa
derives an expression  fo r frequency dev ia tio n  involv ing  Q using  a
s e r ie s  eq u iva len t c i r c u i t .  His equation (36) can be w r i t te n : -
A f = _ yf_ AX   (47)
^  2 l T Q ext  A T
where R and X are the magnitudes of th e  device negative re s is ta n c e  and
reac tance  re sp e c tiv e ly . Since R = R., a t  resonance, and Q .'-—us t/R*-L exx» o
equation (47) reduces to  th e  form of equation (44) which i s  independent 
of Q. Thus in s tead  of r e la t in g  th e  c a r r ie r  frequency s t a b i l i t y  to  Q, i t  
appears more m eaningful to  c h a ra c te r ise  i t  in  term s o f th e  c i r c u i t  
s t a b i l i t y  fa c to r  S, and th e  load  re s is ta n c e  or microwave v o ltag e  across 
th e  diode.
6 .4 . CURRENT WAVEFORM d ' ' ’ v. i '
The device cu rren t was evaluated assuming a microwave v o ltag e  of
th e  follow ing form :- ’
V = V (S inco t + h Cos 2 cot)    (4-8)m
The second harmonic amplitude was chosen to  give s u f f ic ie n t  t o t a l  
v o ltag e  to  generate  the  delayed domain mode, using values o f V determ ined 
‘from th e  experim ental o s c i l la to r .  These were obtained from measurements 
o f th e  load transform ed through the  package equ ivalen t c i r c u i t .  For 
t h i s ,  the  f u l l  equ ivalen t c i r c u i t w a s  assumed as shown in  F ig . 46.
The load p resen ted  by the  cav ity  a t  a reference p lane was determ ined over 
th e  f u l l  range of s lug  sep ara tio n s  by accu ra te ly  measuring th e  V.S.W.R. 
and i t s  p o s itio n . This load was then transform ed through th e  ca v ity  and 
th e  package. The average value obtained fo r  devices g iv ing  maximum
JL
power output o f  45 mW w a s  (4 .3  13*3) x 10 S t . S ince V ~ (2 PR)^,
th e  microwave vo ltage  was 5 V. The b ias  vo ltage was 10 V and i t  i s  
apparent th a t  th e re  i s  in s u f f ic ie n t  vo ltage to  genera te  the  delayed 
domain mode. When the  power was reduced by 2 dB, th e  load  wan 
(1 .3  - j  9 .5 ) x  10" 3J l _1. The corresponding vo ltage  was 7 V. This, i s  
not enough to  generate  th e  quenched domain mode which appears t o  o p era te  
under these  cond itions, as explained l a t e r  in  th e  Chapter. I t  i s  
be lieved  th e re fo re , th a t  a second harmonic component i s  p resen t w ith  
s u ita b le  amplitude and w ith quadratu re  phase to  produce th e  req u ired  
vo ltages fo r  th e  domain modes.
A measurement of the  second harmonic power le v e l in d ic a te d  a comparable
vo ltage  le v e l  in  th e  c a v ity . The second harmonic component, however,
had l i t t l e  e f fe c t  on th e  magnitude o f df/dT fo r  any given maximum
value of V • This i s  exoected because the  cu rren t waveform i s  not m *
g re a tly  a l te re d  by a second harmonic v o ltag e . There w i l l  be in  ad d itio n ,
an in  phase component o f harmonic v o ltag e , which has been neg lected  fo r
th i s  reason. I f  th e  vo ltage  across the device, V, + V .was le s s  than9 b jit
th e  su sta in in g  vo ltage  V during p a r t  of th e  cycle , th e  quenched domains
mode was assumed to  e x is t ,  un less th e  r a t io  of opera ting  frequency to  
t r a n s i t  frequency r a t i o , r ,  was too low; i . e .  when th e  domain reached 
th e  anode before th e  device v o ltag e  f e l l  to  V .
, The cu rren t waveform was based on th e  i/V  c h a ra c te r is t ic  o f 
F ig . 48. I t  approximates a constant c a r r ie r  m o b ility  up to  th re sh o ld  
and se ts  th e  cu rren t le v e l  a t  th e  v a lley  v e lo c ity  once a domain has been 
f u l ly  formed. Using Butchert s equal area  ru le ,  F ig . 7, th i s  i s  seen to  
be a good approximation fo r  b ia s  vo ltages o f  3 o r  g re a te r .  H y s te r is is  
occurs because f u l ly  formed domains can e x is t  fo r  device v o ltag es  below 
V ., but g re a te r  than  V .
T> S
The device cu rren t does not change in stan tan eo u sly  when domains are  
nucleated , and th e  time fo r  th e  cu rren t to  f a l l  from I  to  I v was made
approximately equal to  th e  domain growth tim e observed in  computer
(47) ( 5)s imulat ionsv . This growth time v was equated t o : -
is ^  . . . . . .  ( 4 9 )
noQP '
.w h ere^  i s  an average negative m o b ility  estim ated to  be Pn / 4 and J-*n i s
th e  maximum negative m o b ility . The shape of th e  cu rre n t during th e
domain growth period was rep resen ted  by a s in e  curve which approximated
( lj)
th e  waveform shapes observed in  the  computer sim ulations . R eferring  
to  F ig . 3 9 the  expression used to  model th e  cu rren t during domain growth
. I  = I v +J2 ( I  -  I  ) Cos/ + _7V. ) . ( 50)
v  4 s 4
The time p corresponds to  th e  time when domains are nucleated , i . e .  when'
V = V ,. A fte r t  = s the cu rren t was constan t a t I  u n t i l  th e  domain t- v
reached the  anode, or became quenched. The cu rren t then  immediately 
rose  to  th e  le v e l  d ic ta te d  by the  device vo ltage  in  th e  ohmic reg io n . In  
p ra c tic e , th e re  would be a f i n i t e  r i s e  tim e, bu t t h i s  should be r e la t iv e ly  
sm all and has been neg lected . I t  should be remembered th a t  domains are  
sm all when they  reach th e  anode, due to  th e  t o t a l  v o ltag e  f a l l in g  to  
about th re sh o ld . . '
' The v o ltag e  r is e s  very quickly  during domain growth and th e  
maximum domain growth r a te  may be sm aller than  the r a te  o f app lied  v o ltag e . 
For example, consider a vo ltage swing o f 5 v o lts  a t  10 GHz. The maximum 
value of dV/dt i s  about 0.3V /ps. The domain vo ltage  grows a t  a maximum - 
r a te  ^  of dV/dt = N e(v (E, ) -  v (E ))^  t / £ ~ 0 c05t V/ps. T herefore ,
O  V
th e  cu rren t w il l  not drop towards -I u n t i l  t — 10 p s , i . e .  0 .1  o f th e  
o s c i l la to r  period t ^ .  Harmonic vo ltages can in c rease  t h i s  p e rio d . As a 
r e s u l t  th e  cu rren t w il l  not fo llow  equation(50), b u t w il l  f a l l  s3.owly as th e  
f ie ld  ou tside  th e  domain fo llo w s-th e  v(E) c h a ra c te r is t ic  above th re sh o ld . 
A fte r about a f i f t h  of a cycle dV/dt f a l l s  and th e  domain can absorb th e  
excess v o ltag e  in  th e  r e s t  o f th e  la y e r . The cu rren t th en  in c re a se s  to  1^ 
befo re  dropping to  1^. There i s  thus a sh o rt period  o f tim e during which the 
cu rren t remains close to  I  , and p ro v is io n  was made fo r  th i s  by in c lu d in g  
a delay  o f len g th  d, during which th e  cu rren t was approximated to  I  .
6 .5 . DEVICE CAPACITANCE
The cu rren t waveform of F ig . 49 was derived  from th e  r e s i s t iv e  
c h a ra c te r is t ic  o f  F ig . 48. This cu rren t inc ludes a q u ad ra tu re  component 
because of the h y s te re s is  of the  i/V  c h a ra c te r is t ic ,  and because th e  
domain growth and t r a n s i t  tim es are independent o f th e  d riv in g  v o lta g e .
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T he e q u i v a l e n t  c a p a c i t a n c e  i s  u s u a l l y  s m a l l  co m p ared  t o  t h e  d o m a in
capacitance, bu t i t s  v a r ia tio n  w ith tem perature can be the  dominant •
facrtor in  df/dT . The domain capacitance i s  approxim ately given by:~
1
= A(n^e £. Ic/V^)2' . . . . . .  (51)
/ 1 g ^
where k i s  a f a c to r  K . which tak es  account of p a r t i a l  d ep le tio n  in  th e  
domain, and A i s  th e  device a rea . i s  the  domain p o te n t ia l ,
V, = "V, + V 5ino»t -  E X.- .    (52)d ■ b . . . " r . ■
where L i s  the len g th  of th e  ac tiv e  reg ion , and E^ i s  the  f i e ld  o u tsid e  
th e  domain, which i s  a fu n c tio n  o f tem perature.
6 . 6 . TEMPERATURE 'DEPENDENT TERMS *' ■ ' .I/
The tem perature of th e  ac tiv e  region in°K was: -
T , = T + T + 273 d e .
where Tg i s  th e  tem perature r i s e  due to  th e  d is s ip a te d  inpu t power in
°C. Measurements o f therm al re s is ta n c e  in d ica ted  a tem perature r i s e  of
180°C/W. The follow ing functions of to n p era tu re  were assumed
D ie le c tr ic  constan t &r  ~ £,,o (1 -i 1C " Td ) Ref. (49)
Peak cu rren t ' I  = I  / r  I*2? P r iv a te  Conraunication
P P
Peak to  v a lle y  r a t io  o< = c<Q (1  -  5.10 ^T^) Ref© ( 2 )
Peak negative m o b ility  = JL^q ( l  -  T^ /650) R ef. (2)
T ran sit frequency fj. = f  ■"■(! -  10 ^ T^) Ref. (47)
The c a r r ie r  concen tration  was Set independent of tem peratu re , a
reasonable assumption fo r  high q u a lity  e p i ta x ia l  m a te r ia l.  The e f fe c t  o f
th e  v e lo c ity  f ie ld  c h a ra c te r is t ic  on the dom ain.capacitance, i s  n e t
apparent from equation (51 ). Fu lly  formed domains t r a v e l  w ith  th e  high
f ie ld  s a tu ra tio n  v e lo c ity  and th i s  i s  approxim ately in v e rse ly  p ro p o rtio n a l 
( L l )to . th e  tem peratu re ' . I f  the low f ie ld  m o b ility  a lso  had t h i s  
tem perature dependence, th e  f ie ld  ou tside  the  domain would be independent
“•1 .2 5of tem perature. With th e  observed T * dependence, E^.becomes 
0 25p ro p o rtio n a l to  T * . From equations (51) and (52) th e  co n trib u tio n
dj3 is  sm all, approximately
CdEr  L -^v-lO"5 pF/°C
8 V,T d
Dimensional v a r ia tio n  w ith tem perature i s  in s ig n if ic a n t .  For 
example, assuming a domain capacitance of 0 .2  pF, th e  l in e a r  c o e f f ic ie n t  
of expansion of 6 x  10 ^/°C g ives an increase  of 2 .4  x  10 ^ pF/°C, due 
to  th e  in c rease  in  a c tiv e  a rea .
Device param eters were chosen to  sim ulate th e  experim en ta l-dev ices*■
These had t r a n s i t  frequencies of about 11 GHz and were operated a t a cen tre
21 -3frequency of 9«G GHz. C a rr ie r  concen tra tions were about 3 x  10 m 
and th e  b ia s  cu rren t was ty p ic a l ly  140 mA a t  room tem peratu re .
6 .? .  DERIVATION OF dC/dT , ' r
The fundamental components of cu rren t were obtained by F o u rie r 
an a ly s is  of th e  e le c tro n  cu rren t waveform, which i s  o u tlin ed  in  
Appendix I I I .  The in-phase and quadrature components o f cu rren t a re  
re sp e c tiv e ly
1 t
P
n t
P
I  S incot d t  . . . . . .  (53)
~P
" V - P
I  Cos cut d t  . . . . . .  (54)
~p
The equivalent device capacitance i s  g iven by
C = i  . . . . . .  (55)
r  cJV
Hence d i f f e r e n t ia t in g  w ith resp ec t to  tem perature
T he c a p a c i t a t i v e  c u r r e n t  d u e  t o  t h e  d o m ain  i s
_ d (C , V Sin cat)d t d
The quadrature component i s  th e re fo re  given by
(5 7 )
dq t
-P
dC
coy Cos art C, + V Sin orb ~  d du Coscot d t  . . . . . .  (58)
The r ig h t  hand term in  th e  in te g ra l  i s  sm all enough to  be ignored and so
th e  equ ivalen t capacitance i s
fc -p
cuV t
1 |1  + Cos 2cot | C^ d t
■I
. . . . . .  (59)
A f a i r l y  good approximation i s  to  assume an average value fo r  C^, s in ce  
th e  in te g ra l  extends over'm ost of a cyc le . The follow ing expression  was 
used. •
A
c t
(■£n e k o
e £ k l 2
 ^ /C~p.
(1 + Cos 2<ot) d t
V,
-P
. . . . . .  (60)
(Sin 2 co (c-p ) + Sin 2cop)
b J L p
S im ila rly  th e re  i s  a sm all co n trib u tio n  to  th e  in -phase cu rren t g iven try 
A I | „JSL (Cos 2cj.p -  Cos 2 co (c -p ) )  . . . . . .  (61)
dp
[ noe£k 1  ^ y
L \  J 2 ti
We have th e re fo re
dC = m c
dT
- £  T£n e k*l
£12 C -  A ___:
2 £ c I  \  j
.If^to^ (1  + Cos 2co (c-p))- • • • • • •  (62)
f  2 t
where th e  m and iru are  th e  tem perature c o e f f ic ie n ts  of £  and f x
E I  L»
re sp e c tiv e ly .
Under some conditions domains reached th e  anode befo re  th e  v o ltag e  
had f a l le n  below 'threshold*. This might allow  another domain to  be 
nucleated , but due to  th e  la rg e  negative values of dV /dt, i t  was assumed
th a t  domains could not be nuclea ted . The next se c tio n  considers t h i s  in
more d e t a i l .  In  the  an a ly s is  th e  cu rren t was held constan t a t  u n t i l  
th e  vo ltage  f e l l  to  th resh o ld .
A flow chart of th e  computer programme used to  c a lc u la te  df/dT  and 
th e  load conductance G i s  given in  F ig . 50. -The programme i t s e l f  i s  
included in  Appendix IV.
6 . 8 . RESULTS OF ANALYSIS AMD COMPARISON WITH EXPERIMENT
G, C and dC/dT were obtained over a  range o f  tem perature and of 
microwave v o lta g e . The load  seen by th e  diode was presumed to  remain 
constan t w ith  tem perature, and so th e  microwave v o ltag e  must vary  to  
m ain tain  th e  sane magnitude of negative conductance as th e  fundanental 
component of cu rren t changes w ith tem perature. In  o rd er to  o b ta in  th e  
co rrec t microwave vo ltage  fo r  a given tem perature, th e  negative  con­
ductance G was ca lcu la ted  and p lo tte d  as a fu n c tio n  cf microwave v o ltag e  fo r  
a range of device tem peratures, shown in  F ig s . 51 to  53 fo r  d if f e r e n t  values 
o f d* From th ese  curves, th e  value of V can be determ ined fo r  a  given 
lo ad , equal to  th e  magnitude of th e  device conductance, a t  a g iven  
tem perature. Using equations (44) and (45) > df/dT was c a lc u la te d  fo r  ■ 
th e  re lev an t range of microwave vo ltages and p lo tte d  ag a in s t tem perature 
in  F igs. 54 to  56. Knowing th e  appropria te  value of V from F ig . 51 to  
53* th e  co rrec t df/dT curve can be p lo tte d  as shown by th e  heavy dashed 
l in e s  in  F ig s. 54 to  56. This method has th e  advantage th a t  df/dT  can 
be quickly  obtained fo r  any choice of load w ithout fu r th e r  c a lc u la tio n s . 
df/dT  was obtained w ith r  = 0 .9 , fo r  comparison w ith th e  experim ental 
r e s u l ts  in  which r  was a lso  0.9* In  p ra c tic e , th e  t r a n s i t  tim e in  th e  
delayed domain mode, fo r  which th e  device vo ltage i s  not co n stan t, may 
not be th e  sane as th e  value determined from t r a n s i t  frequency measure­
ments a t constan t device v o ltag e . However, any d iffe re n c e  i s  sm all, s ince  
th e  average device vo ltage i s  not much d if fe re n t in  th e  two cases, and 
w i l l  not s ig n if ic a n t ly  a f fe c t the r e s u l t s .
NOf<fi
[YES
YES NO
NEW f/ft
NEW T
NEW V
PRINT df/dT
INITIAL 7ft
INITIAL T
INITIAL V
INPUT DATA
DELAYED MODEQUENCHED MODE
V 6 T  DEPENDENT PROPERTIES
FIG 50  BLOCK DIAGRAM OF PROGRAMME USED IN ANALYSIS OF df/dT
98
7
6
5
4
3
2
I
O
4*<
NEGATIVE CONDUCTANCE
Vb = 10 
r -.0 .9
r 5 0
2 0
4 0
AMBIENT
TEMPERATURE 4 0
7 0
DELAYED
DOMAIN
MODE
QUENCHED 
DOMAIN 
MODE IF ta>ts
50
5-55-04*5
MICROWAVE VOLTAGE V
. 51 NEGATIVE CONDUCTANCE AGAINST MICROWAVE VOLTAGE FOR DIFFERENT
AMBIENT TEMPEJWURES, d = 0
A NEGATIVE CONDUCTANCE 
c  H O “V )
Vb = lO 
r - 0-9
-20-
4 0
70
AMBIENT
TEMPEPERATUREflC)
\
QUENCHED 
DOMAIN 
MODE IFta>ts
(DASHED CURVES)
DELAYED
DOMAIN
MODE
5 0
MICROWAVE VOLTAGE V
FIG.52 NEGATIVE CONDUCTANCE AGAINST MICROWAVE VOLTAGE FOR DIFFERENT
AMBIENT TEMPERATURES, < U 0 - 0 6 tp
-5 0
-20
Vb= IO 
r - 0 * 9
70
AMBIENT
TEMPERATURE
(°C)
DELAYED
DOMAIN
4 0
\ 7 0
4 0 5 0
MICROWAVE VOLTAGE V
F IG .55 NEGATIVE CONDUCTANCE AGAINST MICROWAVE VOLTAGE FOR DIFFERENT
AMBIENT TEMPERATURES c U 0 4 2 tp
df/dKM H^C)
50 5 0
AMBIENT TEMPERATURE(°C)
4*8
4-4
t
MICROWAVE 
VOLTAGE V
—  DELAYED DOMAIN MODE
 QUENCHED DOMAIN MODE
 TRANSITION REGION
-—  CONSTANT NEGATIVE
CONDUCTANCE, -3 -10 'V
Vb -- 10
-4 1 -
FIG. 5 4  df/dT  AGAINST AMBIENT TEMPERATURE FOR DIFFERENT MICROWAVE
VOLTAGES, d « 0
- 5 0 50
AMBIENT TEMPERATURE (°C)
\
  \
46-
MICROWAVE*
VOLTAGE DELAYED DOMAIN MODE QUENCHED DOMAIN MODE 
TRANSITION REGION 
CONSTANT NEGATIVE 
CONDUCTANCE M H O 'V
Vb -10 
r * 0 9
FIG  55 df/dT AGAINST AMBIENT TEMPERATURE FOR DIFFERENT MICROWAVE
VOLTAGES, c R O O o tp
DELAYED DOMAIN MODE
—  OUENCHE DOMAIN MODE— TRANSITION REGION
— CONSTANT NEGATIVE 
CONDUCTANCE r
VL*
° 9
J ? '
°^AVr.
R eferring  to  F ig . 52, device operation  with 10 v b ias  i s  shown
to  be th e  delayed domain mode fo r  microwave vo ltages le s s  th an  4*0. When
g re a te r  than  4 *8 , the  quenched domain mode i s  p o ss ib le , provided t  > t  ,a s
so th a t  the  device v o ltag e  f a l l s  to  V a t tim e t  , befo re  th e  domains s .
reaches th e  anode a t tim e t  „ This happened in  F ig . 52 fo ra
tem peratures above 40°C. The t r a n s i t io n  between th e  delayed and 
quenched domain modes occurred ab rup tly  in  th e  a n a ly s is , because of th e  
'assumed- s t r a ig h t - l in e  c h a ra c te r is t ic  o f F ig . 48. In  r e a l i ty  th e  reg ion  
below th re sh o ld  changes smoothly and th e  two modes merge g rad u a lly .
The maximum load  conductance which can be to le ra te d  by th e  device 
i f  i t  i s  to  operate  over the  tem perature range considered, i s  l im ite d  
by th e  minimum vo ltage  requ ired  fo r  th e  delayed domain mode. At 10 v o lts
b ia s  t h i s  value i s  ju s t  over 4*2 v o l ts ,  p o in t X in  F ig . 52, and th e
3 -1maximum negative conductance to  allow  opera tion  up to . 70°C i s  -4  x  10*”*\fl 
This value was used to  ob ta in  th e  heavy dashed curve in  F ig . 55* Here th e  
delayed domain mode e x is ts  over th e  whole tem perature range, s in ce  th e  
vo ltage  i s  le s s  than  4*8 when th e  tem perature exceeds 40°CJ. C alcu la ted  
df/dT  curves fo r  d — 0, 0.06 and 0.18 t  are  compared in  F ig . 57 w ith  
a ty p ic a l  experim ental r e s u l t .  In  th is  case th e  device was a lso  operated  
a t  10 V b ia s  and loaded to  give maximum power ou tpu t. The agreement 
betw een-the ca lcu la ted  and experim ental curves i s  good fo r  d ^0 .06  t ^ ,  
in d ic a tin g  very  l i t t l e  delay of th e  cu rren t drop.when th re sh o ld  i s  
reached.
The an a ly s is  r e s t r i c t s  th e  opera ting  mode to  th e  delayed domain 
mode, un less  th e  load i s  reduced to  2 x  10 and th e  tem perature
r is e s  above 40°C. Under th ese  cond itions th e  device^voltage f a l l s  
below Vg before th e  domain reaches th e  anode and th e  quenched domain mode 
e x is ts .  However, one of th e  fa c to rs  not included in  th e  a n a ly s is  i s  th e  
displacem ent cu rren t due to  th e  ra p id ly  f a l l in g  vo ltage  as th e  domain
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approaches th e  anode. This can quench domains as th e  follow ing simple-, 
c a lc u la tio n s  in d ic a te . Assuming a domain capacitance = 0 .3  pF and 
an o s c i l la t io n  frequency of 10 GHz, the domain has a reactance o f  50Si 
ag a in st w hich 'the -other components of th e  device equ ivalen t c i r c u i t  
can be neg lec ted . Most of th e  microwave vo ltage  i s  th e re fo re , across
th e  domain capacitance . For tr ia n g u la r  domains th e  peak f i e ld  i s
E = 2 Vd . . . . . .  (63)
where i s  th e  domain vo ltage  and ¥  is . th e  domain ividth. Since
W = [2 V^ noe k / s J " . . . . . .  (64)
= 1 dV . . . . . .  (65)
d t W d t
Consider th e  in stan taneous t o t a l  vo ltage on th e  device to  be 2 ;V^, and
th e  f ie ld  o u tsid e  the domain to  be E^/2. The domain v o ltag e  i s  th e re fo re
'  01
1*5 = 4*5 v o lts  fo r  ~ 3 v o lts  and nQ = 3 x  10 m . Also
W=£=2 pm .
For a  microwave vo ltage  amplitude of 4*5 v o lts  th e  maximum value 
of i s  <jjV=2= -3  x  10*^ v o lts /s e c .  Therefore,
d3p ■=■ -1 .5 X 1017 Y/sec.
d t  ■■■: . : '
dE ’The term  in  ex istence  due to  the  t r a v e l l in g  domain, may be w r itte n
as v where v i s  th e  domain v e lo c ity . With v = 10^ m/sec and using  dx o o . o •
PoissonT s equation , the  domain produces a  value fo r  o f  2 .4  x l O ^  
v o lts /m /sec . Without includ ing  any harmonic c u rre n t, th e  im pressed 
displacem ent cu rren t la rg e ly  cancels th e  domain displacem ent cu rre n t so 
th a t  the  domain e i th e r  becomes s ta tio n e ry  or co llap se s . The l a t t e r  i s  
more l ik e ly  to  occur, e sp e c ia lly  w ith sm all domains. This form of 
domain quenching i s  a function  of V^, V, h and r  in  p a r t ic u la r ,  as xrell 
as most of th e  o ther device param eters. I t s  e f fe c t w i l l  be to  reduce
df/dT  to  th e  values in  th e  quenched domain mode, even though t a  < t s
and Vm K Vs. Examples of t h i s  are shown in  F ig , 58 and compared w ith
th e  th e o re t ic a l  .df/dT  cui-ves when th e  quenched mode o f operation  i s
fo rced . There i s  q u a l i ta t iv e  agreement, but the  th e o re t ic a l  curves
fo r  d = 0 . 06- t  are c o n s is te n tly  more negative than the  experim ental
curves. The curve fo r  d = 0.18 t  a t 9v b ias  in d ic a te s  th a t  an in crease
P
in  d w ith  tem perature from about 0.06  t  to  0 .2  t  would be more
P p
r e a l i s t i c .  This i s  reasonable since th e  domain growth tim e in c rea se s  by 
about a fa c to r  o f 3 across th e  same range. Also h igher values of d 
a re  expected fo r  under-coupled o s c i l la to r s  since  V * in c re a s e s 'w ith  
decreasing  load  re s is ta n c e .
Fig* 58 a lso  compares df/dT f o r  d if f e re n t  b ia s  v o lta g e s . The major 
e f fe c t  of changing b ias  vo ltage  appears to  be a s h i f t  along th e  
tem perature ax is  of between 25 and 30°C/V. This i s  c o n s is te n t w ith  th e  
change in  device tem perature expected from th e  therm al impedance of 
180°C/W and the  in p u t power of about 1 .5  W. I t  i s  apparent from F ig . 58 
th a t  by s e le c tin g  th e  b ias  vo ltage when operating  w ith an under-coupled 
lo ad , very low average d r i f t  ra te s  can be ob tained . Typical r e s u l t s
-J-
obtained from n con tact devices operating-.w ith only 2 dB red u c tio n  o f 
power from th e  maximum value , were frequency d r i f t s  o f le s s  than  10 MHz 
over th e  tem perature range -40 to  +70°C, equivalent to  an average df/dT  
o f 100 KHz/°C. Measurements were made using th e  X / 2  in v a r co ax ia l c a v ity .
Under some cond itions, devices can e x h ib it a very marked
d isc o n tin u ity  in  df/dT . An example i s  shown‘ in  F ig . 5 9 / w ith  th e
c h a ra c te r is t ic  shape of the quenched domain mode above 8°C, and th e
almost constan t df/dT o f th e  delayed domain mode below 8°C. This apparent
mode change would be expected when t  — *t . In  t h i s  in stan ce  domain , ‘ a s
quenching i s  due to  the  device vo ltage  f a l l in g  below V • With ty p ic a lO
b ia s  v o ltag es of 2 V, to  3 F, i t  i s  no t po ssib le  fo r  domains to  bet  T>
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quenched by th e  device vo ltage  f a l l in g  below V , i f  r  i s  much le s s  thans -
0 .9 . Also fo r  th ese  lower values of r ,  th e  domains are  la rg e r  as they  
approach th e  anode and i t  becomes le s s  l ik e ly  th a t  the  negative d is ­
placement cu rren t w il l  quench them. Devices must th erefo re ., .operate in  th e  
delayed domain mode over th e  whole tem perature range. Both the  
experim ental and th e o re t ic a l  r e s u l ts  showed th a t  the  magnitude o f df/dT 
decreases slowly w ith both  in creasin g  r  and decreasing  load  conductance 
fo r  th e  delayed domain mode. '
6 .9 . DISCUSSION OF RESULTS
The much sm aller magnitudes o f df/dT in  the  quenched domain mode
a re  la rg e ly  due to  th e  e lim ination  of th e  t r a n s i t  tim e dependence w ith
tem perature, fo r  which th e  major in fluence  i s  th e  s a tu ra t io n  d r i f t
v e lo c ity  a t  high f ie ld s  • The co n trib u tio n  to  df/dT from th e  o th e r
tem perature dependent p ro p e rtie s  considered almost cancel in  th e  quenched
domain mode over a wide tem perature range. At h igh device tem peratures
th e  an a ly s is  shows th a t  both th e  quenched and delayed domain modes h av e’
in creased  df/dT due to  th e  dominant e f fe c t  o f th e  domain growth tim e.
The im portant device p roperty  in  th is  case i s  th e  d i f f e r e n t i a l  n eg a tiv e
(2)m o b ility  which has been shown by Ruch and Fawcett to  have a  la rg e  
tem perature dependence.
A lte rn a tiv e  modes are  c e r ta in ly  p o ssib le  and i t  i s  worth 
considering i f  they  could produce th e  observed dependence of frequency 
w ith  tem perature. The la rg e  negative  values of df/dT  obtained  a t  f u l l  
power output are not l ik e ly  to  be caused by non-domain modes which should 
have p o s itiv e  or low magnitudes in  a s im ila r  manner to  th e  quenched 
domain mode. The l . s . a .  mode can be ru led  ou t, s in ce  t h i s  shows a marked
/  r\ \
in c rease  in  frequency w ith b ia s  vo ltage  in  complete c o n tra s t to  th e  
observed decrease w ith v o ltag e . Also, th e  df/dT o f  non-domain modes would 
not be expected to  show th e  observed rap id  change in  df/dT from about
-1  MHz/ C to  almost zero when th e  load conductance i s  s lig h tly  decreased 
(2 dB reduction  in  power)• This abrupt change i s  co n s is ten t w ith  the  
delayed domain mode being converted to  th e  quenched domain mode or to  
one.of th e  non-domain modes. The delayed domain mode w ith  i t s  la rg e  
t r a n s i t  tim e dependence p re d ic ts  df/dT v a r ia tio n  w ith tem perature in  good 
agreement w ith  experim ents, and i s  th e re fo re , th e  most l ik e ly  mode fo r  
load  conductances close to  maximum. The undercoupled o s c i l l a to r s ,  however 
in creased  frequency w ith  vo ltage  and th e  df/dT curves could probably be 
obtained from more than  one mode. However, when th e  load  was decoupled, ■ 
th e  device capacitance was not a l te re d  much, and since-..the harmonic content 
a lso  appeared to  remain co nstan t, i t  i s  concluded th a t  n e ith e r  th e  waveform 
nor th e  domain capacitance had changed app reciab ly . This leav es  th e  
quenched domain mode as th e  most l ik e ly  candidate fo r  th e  undercoupled 
o s c i l l a to r s .  I t  may w ell e x is t  as a hybrid  mode during domain n u c le a tio n  
as d iscussed  in  Section  6 .4 . ■ w
6 . 1 0 .  CONCLUSIONS' AND REGOi-HSHDATI0 NS
An an a ly s is  of th e  tem perature dependent p ro p e rtie s  of a  C-unn diode 
has shown th a t  changes in  the frequency s t a b i l i t y  w ith tem perature can be 
a t t r ib u te d  to  th e  operating  mode changing between th e  quenched and delayed 
domain modes. Experim ental and th e o re t ic a l  curves of df/dT ag a in s t 
tem perature are  in  reasonable agreement in  view of th e  approximate n a tu re  
o f the  a n a ly s is . At power outputs c lose to  maximum, th e  delayed domain 
mode i s  la rg e ly  responsib le  fo r  th e  observed high negative va lues o f df/dT.
By decoupling th e  load  and reducing the power ou tpu t, domain quenching 
reduces th e  co n trib u tio n  from th e  t r a n s i t  tim e v a r ia tio n s  and very  low 
df/dT  magnitudes of 100 KHz/°C and le s s  are  p red ic ted  over a wide tem perature 
range. Typical experim ental r e s u l ts  of average d r i f t  r a te s  in . A/ 2  co ax ia l 
c a v it ie s  were le s s  than  100 KHz/°C over tem perature ranges of 100°C. These 
were obtained from n contact devices w ith 2 dB red u c tio n  of power from 
maximum output, and fo r  operating  frequencies about 0 .9  f^» Agreement
between theory  and experiment was improved by assuming th a t  th e  f ie ld  
o u tsid e  th e  domain remained above th resh o ld  during th e  i n i t i a l  period  of 
domain growth. This i s  co n s is ten t w ith  a simple c a lc u la tio n  of th e  
maximum domain growth r a te .  I f  th e  b ias  vo ltage was too high, la rg e  
negative values of df/dT were obtained a t high ambient tem peratures in  
both  th e  quenched domain and delayed domain modes. The an a ly s is  showed 
th a t  th i s  was due to  th e  la rg e  tem perature dependence of th e  d i f f e r e n t ia l  
negative  m o b ility  which co n tro ls  th e  domain growth tim e.
The approximations and assumptions made in  th e  an a ly s is  l im it  i t s  
accuracy to  magnitudes comparable to  those  observed experim en tally . A 
more d e ta ile d  study could be made w ith a f u l l - s c a le  computer s im u la tion  
of th e  conduction p rocesses. Comparison w ith  experim ental devices would 
be d i f f i c u l t  due to  th e  u n co n tro llab le  and unknown v a r ia t io n s  in  device 
p ro p e rtie s  causing v a r ia tio n s  in  df/dT . An in v e s tig a tio n  of th e  param eters 
not considered in  th i s  an a ly s is  may g iv e -b e tte r  co n tro l of th e  v a r ia t io n s  
in  df/dT . These param eters include th e  doping p r o f i le  and harmonic tu n in g .
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APPENDIX I
DOMAIN MUCLEATION
Dipole domain n u c lea tio n  req u ires  a doping notch o r a lo c a liz e d  high 
f ie ld  reg ion . A la y e r  w ith  a p e r fe c tly  f l a t  c a r r ie r  con cen tra tio n  p ro f i le  
and n o n -in jec tin g  con tac ts  would not form a domain of any k ind , as computer 
sim ulations show, and the  f ie ld  p ro f i le  above th re sh o ld  would be th e  tim e 
independent so lu tio n  of th e  equation
dx == 1 BdEJ ^ - n oeE « ..«* • (Al)
D iffusion  has been neglected  here and th e  so lu tio n  fo r  E i s  a m onotonically  
in c reasin g  fu n c tio n  of x .
Consider now th e  i n i t i a l  growth o f a sm all d istu rbance  in  th e  f i e ld  
and ca rrie r-c o n c e n tra tio n  p r o f i le s ,  w ith in  th e  reg ion  X2 and x^. With th e  
f i e ld  in  th e  la y e r  a t E ,, and th e  f ie ld  in  th e  d is tu rb ed  reg ion  E ,. equating 
th e  cu rren t d en s ity  in  th e  layer^and in  the  d is tu rb ed  reg ion
. . . . . .  (A2)&J  = enov(Efc) + t j l  = env(E) + £ . | |  -  eD - | n
X
Poissons law s ta te s  th a t
3 e -
Arranging terms
~ Et^  =  e V (E t } “  e n v ( E ) +  eD *f x . . . . . .  (A3)
(5)Following Kurokawa , v(E) i s  approximated to  
v(E) = v(Et ) (E -  E j  '
s ince  th e  i n i t i a l  f ie ld s  are not much d if fe re n t  to  E^. 
In te g ra tin g  over th e  region  x-^  to  x^ y ie ld s
(A4)
AX,
+  eD
a
*1 
^ 2
(E -  E, )dx = e,
 ^ a
b n dx
AX,
X-,
|~ nQv(Et ) -  nv(E.t ) -  n ~  Ex )J dx
. . . . . .  (A5)
x1
The l e f t  hand s ide  i s  th e  vo ltage  due to  the  d is tu rb an ce , in  excess of the  
undistu rbed  v o ltag e  and (A5) becomes
This i s  th e  re s u l t  derived by Kurokawa which in d ic a te s  th a t  any d istu rbance
w il l  grow provided th e  f ie ld  i s  above th re sh o ld . In  p ra c tic e  th e  la rg e s t
d istu rbance reaches th re sh o ld  f i r s t  and absorbs the app lied  vo ltage  so th a t
a l l  o th er nuclea ting  regions remain below th re sh o ld . I f  th e  vo ltage  was
applied  more qu ick ly  than  th e  f i r s t  domain could absorb i t ,  o th e r n u clea ting
regions would reach th re sh o ld , bu t during growth the  la rg e s t  domain absorbs
more vo ltage  than sm all domains, even though i t  may have a reduced growth
r a te .  Consequently one domain u su a lly  predom inates. I f  V i s  i n i t i a l l y  •ex
n eg a tiv e , as a t  an n n ju n c tio n , i t  w il l  remain negative  and a d ipo le  domain 
i s  not nucleated .
Dipole domains g en era lly  nucleate  a t  th e  cathode where high f ie ld
regions e x is t  due to  the con tacting  p rocesses. M eta llized  co n tac ts  form
■ - } -  
th in , high re s is ta n c e  la y e rs  which may a lso  have low m o b ility . Although n
con tacts appear to  produce a m onotonically in c reasin g  f ie ld  from th e  con tac t ,
to  th e  la y e r , i t  i s  thought th a t  th e  high le v e l  of th e  n doping in troduces
* .  • , r
d is lo c a tio n s  which cause a low m o b ility  reg ion  ad jacen t to  th e  n -  n ‘ 
in te r f a c e .  I f  th e  in te r fa c e  i s  very wide, th i s  m o b ility  notch w i l l  no t have 
any e f fe c t .  A th i rd  method of n u c lea tin g  domains i s  to  use a geom etrical 
notch. The basic  requirem ent of a notch to  n u c lea te  a domain i s  fo r  a reg ion  
in  which th e  f ie ld  i s  h igher than  th e  downstream f ie ld .  This must in co rp o ra t 
a d ep le tio n  reg ion , by-Poissons Law, and as th e  d ep le tio n  reg ion  grows, th e  
vo ltage  across i t  in c reases . D epletion reg ions t r a v e l  more slow ly than th e  
ou tside  e le c tro n s , and consequently an upstream accum ulation la y e r  which 
t r a v e ls  f a s te r  than  th e  ou tside  e lec tro n s  w i l l  merge in to  th e  t r a i l i n g  edge. 
An accumulation region i s  provided by the  con tac t in te r fa c e  where th e  f ie ld  
f a l l s  in to  the co n tac t.
The th re e  forms of notch nucleate  d ipo le  domains i f  nQ i s  constant
o r i f  nQ in c reases  w ith x . When nQ decreases w ith x , as a t  a g radual
n '- n  in teixface, a minimum notch s iz e  i s  req u ired . Consider th e  f ie ld  to
be approxim ately around th e  notch, and fo r  n to  change by a fa c to r  Vo u
Equation (A5) gives
\V. V eDno jex ex -  v   s
~bt 'c *  e . . . . . .  (A7)
V "w ill in c rease  i f  V  ^ S-tTvsbn where V ^ i s  th e  i n i t i a l  value o f ex exo < '•6 o exo .
V . For n = 5* 1021 m ? 9 D = 0.02 m2 s'"1 and V -  0 .1 , V > 0 .02  V.ex o 9 o . * exo x
When th e  boundary conditions are  included, and th e  ac tu a l values o f n and 
E a re  inco rpo rated  in  equation (A5), a la rg e r  magnitude o f V w il l  be
6 X 0 .
req u ired  fo r  domain n u c lea tio n .
A more general expression  fo r A(6) i s  obtained when th e  o u tsid e  f ie ld  
i s  E, in s tead  o f E, . One ob ta insjp t/ •
/ix,
(E -  E ) dx \ r en<
T  L
oj" v(Er ) -  V(E)j dx
x.1
. . . . .  (A8)
which i s  id e n t ic a l  when V i s  defined w ith  refe ren ce  to  E in s te a d  o f E. .ex r  , t
APPENDIX I I
THREE TERMINAL TUNING MECHANISM OF THE CATHODE TO ANODE MODE
The domain v e lo c ity  which is  a function  of th e  o u tsid e  f ie ld  has
Og ■
been d e tem ined  by B ott and Fawcett f o r  s ta b le  tr ia n g u la r  domains. The
v e lo c ity  in c reases  more ra p id ly  than th e  ou tside  d r i f t  v e lo c ity  as the
ou tsid e  v e lo c ity  in c rea se s , e sp e c ia lly  fo r  r e s i s t i v i t i e s  of i J l c m  and l e s s .  
E x trap o la tin g  from th e  curves o f Bott and Faw cett, an estim ated
expression  fo r  th e  domain v e lo c ity  up to  f ie ld s  o f about 0 .7  E^ i s
V 1 + 4(Ex _ V
E,
x 105 m/i . . . . . .  (A9)
where E i s  the  f i e ld  ou tside  the  domain bu t under th e  g a te . The f ie ld  
behind th e  domain should be considered since  th i s  la rg e ly  determ ines th e  
domain v e lo c ity .
The change in  frequency can be de tem in ed  from th e  tim e spent in  th e  
g a te  channel, ...
dx = 10 
V,
-5 d -  t  dx 
d + t
. . . . . .  (A10)
Equations (6) and (A9) have been used here and i t  was assumed th a t
E, = E ,/2 . Since the vo ltage  r is e s  slow ly under th e  g a te , a l in e a r  r  u
approximation can be used fo r the f i e ld ,  so th a t  
V = V„ + mx = 7, + V2 ~ V1 X  and
X  ■ 1  1  ----------
g
t  d l t  ( 7  + 7 -  V, - V2 ~ ? l  x)--------- V g  Q -J_-------- „----------------_  /
en g.  o .
. . . . . .  (A ll)
The so lu tio n  to  (klO) i s
where t  and t  axe the gate  d eo le tio n  la y e r  th icknesses, a t  x = 0 and x -= g S °
re sp e c tiv e ly , and th ese  to g e th e r w ith and Vp can be obtained  from 
equations (6) and (9 ).
The d ep le tio n  reg ions a t  th e  ends o f the  gate  can be included by . 
assuming th a t  they  have a c ir c u la r  shape. This i s  q u ite  a good 
approximation s ince  th e re  i s  very l i t t l e  vo ltage  drop over th ese  reg io n s . 
Because t «  d fo r  th ese  dev ices, equation (A10) may be w ritte n  as 
follow s fo r  th e  anode end of th e  g a te . -
t  =£=lCf5e
k  „ W2o p f
(1 -  ~) dx ■=
g
oT\/
-^ q“5 ^  cos Q cos0  d0 . .  (A13
where t  i s  th e  t r a n s i t  time under th e  end reg ion . The so lu tio n  i s
V “  10_5i  [ 1 + 1  (" d )2 -  h  h i ]  ' . . . . . .  c m )
For th e  cathode end of th e  g a te , t  i s  rep laced  by t Q. Considering device 
1 of F ig . 31 , th e  ca lcu la ted  frequency tun ing  due to  th e  g a te , in c lu d in g  
th e  end reg ions i s  only L&} compared to  the observed 30%.. The very  la rg e  
d iffe re n ce  i s  a t t r ib u te d  to  a ra p id ly  in c reas in g  v e lo c ity  w ith  ga te  
vo ltage w h ils t th e  domain tra v e ls  from th e  ga te  to  th e  anode. This i s  
d iscussed  in  Chapter 5*
. FOURIER ANALYSIS .OF CURRENT WAVEFORM
F ourier .analysis of th e  waveform shown i n  F ig . 4-7 gives th e  
fo llow ing expressions fo r th e  fundamental components o f c u rre n t,
rs -  p  +  d
I  Cos ^ t  d tp
-P
/^s -  p + d
1T(- + J L
4s • 4
• Cos w t  d t
+ _2 
t
P
*p + d
I v Cos u> t  d t
s ~ p + d
r  t  -  p 
r  P
■F 2 a; t  -  h Cos 2 aJ t ) Cos oj t  d t
and b.1 t
- p
r d  -  p
X Sin co t  d t
ir
(A15)
r  s + d -  p
I I  t  / p  (I  -  I  ) Cos (  TT ( t  -f ] I v y  p v 1 p -  a. +  J L
4
Sin co t  d t
d -  p 
0 -P
I  S in  co t  d t v
s t  d -  p
+
r t  -  p
r P 1
P
-P
p - ; - y ( s i rSin to t  *7 h Cos 2 cu t ) '* S in cu t  d t (Al6)
w h e r e -  V^ /V^ . and ^  ~ V/V^. In te g ra tin g  y ie ld s  the follow ing r e s u l ts
zzz --
1  7T Sinco(d.. -  p) + Sin cop -f ~ ^Sinco(s -  p + d) + Sinco (p -  *d})
*t ■* *  o Sinco (p -  d) -  N fy/2 Cosco(s -  p + d.) -  Cosco(p ~ d))
7 T 7 X T  hcos \  '
(ucos) L
+ ^  ^ Sinco ('C -  p) ~ S in co (s ~ p +  d)j
Sinco p + Sin c j (-c -  p)) -■ J £ . ^Cos 2cop. -  Cos 2co ( 'C -  p)J
. . V . . . . . .  (A17) '■
_ k p + Sin -  ^Sincjp + Sin cu ( c -  P^)Jj
Cos cop -  Cosco (d -  p) i  ^ Cos co (d -  p) -  Cosco (s  + a ~ p)^
CostO (p ~ d) ( f e  'S iri6 j(s -  p + d) +; Sinco (p -  d)J
•■■ . . . . . .  (A1S)
+ jl ^Cos cj ( s '+■&■- p) -  Cos co ( T -  p)J
+ p  ^Cosco ( 'C - p) -  Coscop^ ^ S in cu p + S in  2 « o fe '-  p)J
-  h^^CoScop -  Cosco('T~ p) -  ^  ^ Cos \ j  p -  Cos 3co (x  -  p)j
1
= 7T
1  7T
dSLdC i s  obtained from __1 which i s  given by
dT dT
f f a  = ai  + i
dT T If
4 com.1 ^  . m, i  c)t: m + c)s . 1 -  oC .
^ 2  2 > ?  ^  S  T.’ ^  B  T k 2  _  x - T T
where K = an<^
m  ^ = Sin co (d -  p) -  Sin co (>c- p) + — ^ S i n c d ( p  d)
K — 1
  (A 19)
2  Co s «j ( s  -  p  +  d )  +  C o s c j ( P -
m,
2K
= Cosco(/t  ~ p ) (  ^7 “ f t  -  Sinco -  p) 'M i ^(C os 2co('C~ p ))
-  ^Cosgj (p ~ d) - /S  Cosco (s  -  p + d )J
SincJ (s -  p .+ d)
nu = -5 ------- • Sinco(p ~ d)
* k -  1 i r  -  1
■ I d l
4
When the  domain reached th e  anode before  V f e l l  to  th e  l a s t  in te g ra ls  
o f  equations (A17) and (A1S) were replaced by
and 0
t  , .
_ £ ■ + P
z  2 -Ip Coscot d t + -t
-  P
t ' + p -
n  P
I  S incot d t +
P  *Dp
“ P M
t  -  p
A-P
P P  '* J)f (S in co t--  h Cos 2 cot)j • Coscot
t  -1- -n
J2
2
t  - P  
r  p
^ ( S i n c t  -  h Cos 2 cot) S inco t d t
Is + P 
2
re sp e c tiv e ly . The corresponding expressions fo r and b^ were
(1 - K Sin co (p ~ d.) -  \ f 2  Cos co (s  -  p M d)j
+ Cosco(p -  d) + S inco (d -  p) -  S inco(>C-. p)^
(A20)
7T
(-— -  1) ^Coseo(d -  p) -  CoscoC'T -  p)j .+ 2 ( l  ~P ) Coscop
1 ~  fc + K *
K2 -  1 L
K Cosco(p -  d) -  /!> S incu(s -  p + d) -  S inco(p -  d)
a Cff -  2 cop M Sin 2 cop) -  2 h y  (Coscop -  -  Cos cup) 
‘ 2 * . .
(A21)
da.The only d iffe ren ces  fo r  l a r e  the  f i r s t  term which i s  o f course
dT~
_ and which becomes
~T
m2 ^  1 ) Cosco p) (A22)
PROGRAMIS. FUft dC/clT Ai'-jjJ li.
1 GC REM A . L . E D R I D G E  
1 1 C D =  1 . 2
1 4 0  P 1 = 3 . 1 4 1 6 ,  F G = 2 3 , 1 0 = 3 1 0 ,  R 0 = 2 . 4 5  > /•
1 4 2  1 0 = 3 9 0  ' ■ '■ .;■-■■■ .
1 4 5  V 8 = 1 0  ' ' . •
1 4 7  B = V 8 / 3  
, 1 5 0  N 0 = 3 , E G = 1 . 2 8 * 0 . 8 8 5 »M4 = C , M 5 = 1 E - 4  
1 6 0  M2 = - G . 0 2 / 2 3 ,  M 1 = - 5 . 2 5 E“ 4  
1 7 0  T 1 = 2 7 0
1 7 5  H 2 = - 0 . 6 6 7  '
1 7 7  V 6 = ( V 8 - 2 ) / ( 1- H 2 )  P
1 8 0  R 4 = 0 . 9  .  . '
1 8 5  M2 = ~ G .  0 2 / 2 3  “V  .
1 9 0  F = R 4 * F C * ( 1 + M 2 * 5 7 C )  •
" 2 0 0  VY =  2 * P  1* F  ■ ■ ‘  ^ : v  ‘ :
2 1 0  F O R  V = 4 . 2  T O 5 . 6  S T E P  0 . 2  .
2 2 0  R = V / 3 , S 8 = (  1~v8 Q R {  1 + 8 * H 2 * ( H 2 ~ ( V 8 ~ 3 ) / V ) )  ) / 4 / H 2  
2 3 0  C 8 = S Q R ( 1- S 8 * S 8 )  = ’
2 3 5  K 8 = C 8 * C 0 S ( D  ) - h S 8 * S I N  ( D )
2 3 6  J 8 = 5 8 * C 0 S ( D ) ~ C 8 * S I N ( D )
2 4 0  S 9 = 2 * S 8 * C 8 ,  . C 9 =Cf8 * C 8 - S 8 * S 6  ‘ .
2 5 0  W8 = A T N ( S 8 / C 8 )
. 3 1 0  P R I N T  V > T A B ( 8 ) »  R 4  
3 3 0  F O R  T 0 = 2 2 0  T O 3 4 0  S T E P  3 0  
3 4 0  T = T  1 + T O  ,*
3 4 5 . M2 = - C .  0 2 / 2 3
3 5 0  N = N C * ( 1 + M 4 * T ) , E = E C * ( 1 + M 5 * T ) , F 1 = F G * ( 1 + M 2 * T ) ,  1 1 = I C / T M  .  2 5
3 5 1  R 1 = R Q * ( 1+ M 1* T ) 1 -  P
3 5 2  R 9 = (  1~  1 / R 1 )  : V ■ V
3 6 0  C G = S Q R ( 1 . 6 * E * N * C . 5 / V 8 ) * 0 . 4  ' :
3 7 0  \7 2 = W / F 1 -  ' . ■
3 7 1  T 2 =W2  ’ •
3 8 0  S 2 = S I N ( W 2 ) ,  C 2 = C 0 S ( W 2 )
. 3 8 5  S 5 = S 2 * C 8 - S 8 * C 2 ,  C 5 = C 2 * C 8 + S 2 * S 8
3 8 6  U C = C . 1 5  ' :
3 8 7  S = 1 E - 3 * E / ( N * 1 . 6 * U G * ( 1- T / 6 5 G ) ) ■  ^ ‘
3 8 9  I F  W2 < P 1 -t*W8  GO T O 4 2 5  '
3 9 0  ' I F  V < V 6  GO T O 4 2 5   ^ ; '
3 9 1  E 5 = ( S Q R ( 1 + 8 * H 2 * ( H 2 ~ ( V 8 ~ 2 ) / v ) ) - 1 ) / 4 / H 2  '
3 9 2  E 6 = ~ S Q R ( 1- E 5 * E 5 )  * -.'CVv;-.-
' ■ 3 9 3  R 3 = E 5 / E 6  — P.;'7P  ■ PP ■ ■■■PP'Pv P :p - V p ‘ :p v
3 9 4  \V5 = A T N ( R 3 )  ' : •
3 9 5  I F  V/2 < P 1+ W 8 + W 5  GO TO 4 2 5  .
4 CC S 5 = E 5
4 0 1  C 5 = E 6  .
4 0 2  R 3 = S 5 / C 5  .
4 0 3  \V2 =W8 + P  1 + W 5  .
4 0 4  F  1 = W / W 2
4 0 5  M2 = 0  P .
4 2 5  I F  \7 2 > 2 * P 1 GO TO 8 0 0  ’ -
4 3 0  B 5 = S Q R ( 1 . 6 * E * N * G . 5 / ( V 8 + V ) ) * 0 . 4  ’
4 3 5  V 5 = B + R * ( S 5 - H 2 * C 7 ) - 1 / R 1
4 4 0  K = 4 * W * S / P 1 "  . . '
4 4 5  C 4 = C 0 S ( W * S - I V 8 ) , S 4 = S I N  (V /* S ~ Y /8 )
4 4 7  J 4 = S 4 * C 0 S ( d ) + C 4 * S I N ( D ) , K 4 = C 4 * C 0 S ( D ) - S 4 * S I N ( D )
4 5 0  Q  1 s = K *  ( K *  J  8 - 1 . 4 1 4 * K 4 + K  8  )  /  ( K * K - 1 )  :  . -
4 8 0  S 7 « 2 * S 5 * C 5 ,  C 7 = C 5 * C 5 - S 5 * S 5
4 8 5  S 6 = S 5 * C 0 S ( W * S ) - C 5 * S T N ( V 7 * S )  "  -   ^ •
4 8 7  C 6 = C 5 * C 0 S ( W * S ) " + S 5 * S I N ( W * S ) ' '  .
4 9 0  X - 1 E 3 / W / V  '
4 9 1  X 5 « ( W 8 + S 9 / 2 ) / S Q R ( v 8 - V * S 8 . )  ■ ■ v /
4 9 2  C  C = S Q R  (  1 . 6 * E * N * C - .  5 > * C . 4 * (  ( W 2 - W 8 + S 7 / 2 ) / S Q R ( V 8 + V * S 5 ) + X 5 ) / 2 / P  1
4 9 8  G 1 - ~ 1 E - 3 * C C * ( C 7 ~ C 9 ) 7 W \ /  ^    ~
5 0 0  Q 9 = S 5 + S 8 ,  Q 7 = S 8 + C 8  . . -
5 0 5  Q 3 = C  •■■■ ■■'■■■■■‘■ ■ 7 ,  V  ' •
5 0 7  Q 5 = R 9 * ( . C 8 - K . 8 )  '
5 1 0  D 9 “ S ' * ( E C * M 5 / E - N C ^ M 4 / N + . 1 / . ( ' 6 5 0 t T )  )
5 2 0  G  1 — C 0  ;■
5 2 9  X 0  =  0 . 5  v  v  ■ -V - :
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